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I.  I lS~ODuCTION Tcr ANGULAR ENCODING 

An angular encoder (or digitizer) may be considered a member of a particular 

clarss of traneducer8 (nrechanical-to-electrical) which ultimately delivers a digital 

representation of an angular psitkm (Ref .  1). Because combinaticms of bvo-level 

@leCtriCal Signals pruvide the mea118 of indicating the numerics1 value of an angle, 

and because electrical signah are inherently adaptable to communication links, 

control, .computing and data processing, the output of an angular encoder will usually 

be electrical. 

The angular positions that a shaft can assume when rotated from a zero 

referenced position (within a single revolution in either direction) are theoretically 

infinite. For this reason it would appear that the electrical output should be analog I 

(continuous) rather than digital. In addition to the fact that the digital representation 

is superior to the analog representation in terms of potential accuracy, the digital 

method a180 possessels the following advantages: An analog signal undergoes serious 

deterioration when processed (e. g.,  recorded), used for computing, or transmitted 

for even relatively short diatances. In contrast, the two-level combinations of 

electrical signals are immune to degradation of quality in each of the three above 

casea. 
. 

Realizable signal-to-noise ratios restrict  the accuracy (sensitivity) of the 
0 

analog form of output. In a digital output, the amplitude of noise merely dictates the 

difference i n  amplftude between the two e l k t r i c a l  signal~ (or pulses), one of which 
! -  
j 

may have zero amplitude (ar abence of a pulse) regardless of the significance of the 

digit the two levels represent. Error due to  quantizing (Ref. 1, 21, rather than the 
4 
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realizable signal-to-noise ratio establiehee #e limits af accuracy for digital outputs. 

When the accuracy required is better than 1 part in 1000 absolute, economics 

dirctates digital representation. To preserve the accuracy of an analog representation, 

Oa EUUtlog-to -agital conversion is made before trammission, computational operations, 

or data processing. 

To date, absolute accuracies of 1 p a r t  in 221 (2,097,152) have been attained 

in angular encading. The terms llabsolute accuracy," nresolution,ll and "quantization," 

among others commonly used with reference to angular encoding, will be defined in a 

later. see tion. 

II. OBJECTIVES 

The Goldstone tracking complex presently consists of one receiving and one 

transmitting antenna located approximately 6.5 a i r  miles apart. Each antenna has 

an 85-ft-diameter parabolic reflector mounted on two orthogonal axes. 

direction of each antenna (i. e . ,  the direction of the axis of revolution of the generated 

paraboloid) together with range information determines a point in space. The most 

practical method of determining the pointing direction is to measure the angular 

displacement about each of the orthogonal axes of rotation of the parabolic reflector. 

Regardless of the accuracy of these angular measurements, the direction of the radio 

frequency energy (transmitted o r  received) has uncertainties, since the direction of 

the r.f. axis and the paraboloid's axis of revolution do not necessarily coincide. 

Careful design of the antenna and location of the r. f .  feed cannot completely eliminate 

the uncertaintiesl brought about by mechanical sag in the antenna structure, effects of 

The pointing 

2 
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temperature variation, mechanical hysteresis, etc. In addition, the rotation of the 

antenna about one axis has an effect on the angular position about its orthogonal 

mate. This "macWcal cros8fBl.k" i8 a function of pointing direction and represrents 

another source of uncertainty. When measurements for system accuracy evaluation 

purposes are made, the accuracy of measurement should be such that it causes no 

appreciable degradation. Thia calls for a statistical accuracy of measurement 

approximately 5 to 10 times greater than the known accuracy of the quantity to be 

measured.' 

Since each antenna's pointing accuracy when measured at the orthogonal axes 

was an unknown, engineering judgment prevailed in deciding the required encoding 

system accuracy. It was felt that the angular position of each of the orthogonal axes 

would have an uncertainty of 1 mil (200 sec of a r c  or  0.056 deg) rms.  This resulted 

in the specification of 0.1 mil (20 sec of arc  or 0.0056 deg). To allow for future 

improvement in the antenna structure, an angular encoding accuracy design goal of 

0.05 mil was  established. The pointing accuracies above w e r e  assumed for  the 

receiving antenna in an r . f .  lock mode of operation in which the r. f .  axis is made to 

seek and follow the center of the received r. f .  energy. Thus, the alignment 

uncertainty of the rnechanieal and r. f. axes contributes to the total uncertainty. The 

1 

k 

trlanemitting antenna was assumed to have approximately the same overall pointing 

accuracy when measured at  the orthogonal axes. 

The digital representations of the angular displacement about the two 

orthogonal axes of each antenna a r e  used for two purposes: 

3 
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1, To provide, In conjunction with data hardlng equipment, 

permanently stored, time-tagged, angular components of each 

antenna '6 pointing direction. 

To enable each antenna to be slaved to digital pointing commands 

when acquiring a space probe, and to link the antenna via a 

' 

2, 

coordinate converter in 8 master-slave mode when tracking a 

space probe. 

The antenna mounts and associated angular coordinates of pointing direction 

are discussed in Section ID. 

III. ANGULAR COORDINATE SYSTEMS OF THE GOLDSTONE ANTENNAS 

b 

A. Receiving Antenna 

One of the orthogonal axes of the Goldstone receiving antenna (Ref. 3) is fixed 

and parallel to the Earth's rotational axis. 

commonly called the polar axis, ia one of the encoded angular coordinates, and it i s  

termed hour angle or, more specifically, local hour angle. The orthogonal mate of 

the polar axi6 ie not ffxed and rotates in a plane perpendicular to the polar axis. It 

te referred to as the declination axis. Angular dtaplacement about this axis is termed 

declination and is encoded to provide one of two angular coordinates. A scaled 

drawing of the receiving antenna appears in Fig. 1. 

The angular displacement about this axis, 

. 

The coordinate erystern in wtrich the receiving antenna operates is the equatorial 

system uaed by astronomers. An imaginary sphere on whose inner surface al l  

aastronomieal bodies appear to observers on Earth is used to locate a point in space. 

This celestial sphere has 88 its center the Earth's center. The radius of the celestial 

4 
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sphere is arbitrary; however, it is i dn i t e ly  larger than the Ear-th's radius. The 

paM8 where the l$srthts axis, fmagbaUvely extended, would pkme the celestial 

sphere are called the north and eouth ceteatial poles. locas a€ all points on the 

sphere equidistant from the celestial poles is the celestial equator. Great circle8 

poasing through the ceiestial poles, designated hour circles, senre o similar role as 

the Earth's meridians. 

Points on the surface of the Earth are referenced to two principal great 

C i r C k 8 ,  the Greenwich meridian and the Earth's equator. The specification of epcial 

pofnts on the celestial sphere i s  huldatmentally the same. Particular great circles 

are chosen 1 u ~  referencee for each of several coordinate systems (Ref.' 4). 

fn the equatorial sylatem, the celestial equator and the hour circle (the 

projection of the observer '8 meridian onto the celeatial sphere) serve as references. 

The observer's celestial meridian is a name often used for the reference hour circle. 

Local hour angle d /  of a spacial point is apecified by the angle between the observer's 

celestial meridian and the celestial meriaan (hour circle) passing through the point. 

The local hour angle must betime-tagged to account for the Earth's rotation. It increases 

from 0 deg at the observer's celestial meridian in a westerly direction to 360 deg. 

In Fig. 2, arc RD of the celestial equator represents the local hour angle $ of point V. 

The EfecUnation 6 of the point is not dependent M the EarthB rotation and ie specified by 

the angle between the celestial equator and the parallel of declination (small celestial 

circle parallel to the celestial equator) on which the point lies. The declinations of the 

south celestial pole and the north celestial pole have been defined(for Goldstone) a8 

270 and 90 deg, respectively. The declination of points lying on the celestial equator 

is 0 deg. Thus the declination of st point moving from the south celestial pole to the 

5 
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I north celestial pole would increase from 270 to 360 (or 0) to 90 deg. In Fig. 2, arc 

DV represents the declination 6 of the point V. The time-tagged local hour angle and 

the declination determine a point in space. 

I 

I 
Since the receiving antenna has ita polar axis aligned parallel to the Earth's 

rotational axis and Its declination axis perpendicular to the polar axis (and hence the 

'Earth's rotational axis), the encoded angular displacements about these axes a r e  

I 
I ' 
< angular coordinates in the equator system. 

referred to as an equatorial or polar mount. 

The receiving antenna structure is often 

Introducing the observer's latitude, zenith, and horizon to a pictorial 

representation of the equator system adds to its physical significance. The latitude 

of the etation affects the angle between the polar axis and the local horizon plane. For 

example, the polar axis of an equatorial mount located at the north geographical pole 

I would be perpendicular to the Earth's surface, whereas, at the equator, it would be 

parallel. The zenith of an observer on tbe Earth's surface is the point on the 

celestial sphere which is directly overhead. Its direction can be established 

I 
approximately by means of a plumb line. The unobservable point on the sphere 

directly underfoot is called the nadir. The locus of all points equidistant from the 

zenith and nadir and lying on the sphere is designated as the celestial horizon. The 

L 

I 

local horizon plane of the observer (perpendicular to the plumb line) is parallel to 

the plane in which the celestial horizon lies. The angle between the zenith and the 

'The plumb line approximates the local vertical since it includes the effects, 
though small, of (1) the oblateness of the Earth, (2) the Earth's rotation, and (3) the 
nonuniform distribution of land rnames. 

6 
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celestfaf equator is equal to the latitude Po of the observer. Great circles which pass 

through the zenith and nadir are analogous to hour circles and a r e  called vertical 

circles (see Fig. 3). (Note that the celestial equator intersects the celestial horizon 

at its east and west cardinal points. The north and sauth cardinal points of the 

celestial horizon are those points nearest the north and erouth celestial poles, 

respectively. ) 

1 
1 

Since the overall pointing accuracies of the antennas a r e  determined optically 

by star tracking (Ref. 3), it is worth noting how the observed position of a star varies. 

Because of the rotation of the Earth, there is an apparent rotation of the celestial 

sphere from east to w e s t  about PQ. The declination of a star when precesion and 

rotation phenomena (Ref. 4) are  neglected appears fixed owing to its great distance 

. from Earth. Therefore, as shown in Fig. 3, a star designated Xdescribes a small 

circle LXM which is a parallel of declination. The star is said to culminate or transit 

(Ref. 4) when crosjsing the obeerver's celestial meridian. Here, at L, its distance 

from zenith is at a minimum. It crosses the celestial horizon at  F, where it appears 

! to set. Its lowest point (below the horizon) is M and it returns above the horizon at 

G, where it is said to rise. Because of a star's fixed declination, an equatorially 

5 mounted antenna is not driven about its declination axis when tracing a star. 
4 

B. Transmitting Antenna I 
One of the transmitting antenna's orthogonal axes is fixed and perpendicular to 

the local horizon plane. The angular displacement about this axis, designated as  the 

azimuth axis, is one of the encoded angular coordinates, and is termed aximuth. 

The orthogonal mate of the azimuth axisr is not fixed and rotates in a plane perpen- 

dicular to the azimuth axis. It is referred to as the elevation axis. Angular 

7 
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(Oa t.rrrQE coorhtea. A ecaled drawing of the trm antenna appearll 

bmg, 4, 

TIm coordinate sgptem in which 5Bp: tranmnitthg m&ema qemtes is tbe 

ostrofiomerr. The prir#lfpaI great circles are the celestial 

horfiail an& an arbitrarily chosen vertical circle. At GoldMone, the vertical (aremi) 

circle passing thmugh the north cekoUl1 pole was selected a reference. It 

intersects the local bortZon p h e  at the north compotss point. The .izimUth of a 

spaah1 paiat is specif'ted 

vertical circle passing tbrougb the poht. It increaeee from 0 deg in the direction of 

due north to 360 deg in P direction wMch is initially easterly. Ln Fig. 5, arc NESH 

repeesents the azimuth of point V. The elevation (often referred to 88 the altitude) 

p of tho point is rapecffied by tk;e angle between the celestial horieon and the parallel 

of elevation (small celestial circle parallel to the celestial horizon) on which the point 

the angle between the refereme vertical circle end the 

lies, Both azimuth and elevation angles must be time tagged to account for the Earth 

rotation. The elevation of zenith and nadir has been defined (for Goldstone) as 270 

and fko dsgf respectively. The elwatkmpf points lying on the c e l d a l  horiaon is 

0 deg. Thus #e elevation of a point moving from nadir to zenith would increase from 

278 to 360 (or 0) to 90 deg. Zo Fig. 5, RV represents the elevation p of point V; HV 

fa an arc  of the vertical circle passing thraugh point V, Time-tagged aeimuth and 

-e-tagged elevation (angles) determine a point in space. 

Since the transmitting antenna has its azimuth axis coinciding with a plumb 

line met its eleV&t&311 axfs perpendicular to the azimuth axis, the encoded angular 

diaplacernents about these axe8 are angular coordinates in the horizon system. The 

8 



I JPL Technical Memorandum No. 33-25 
$ 

I it6 elp?Vstion as well as azimuih continsally changing W t t i  observed from Cold- 

8tQne' 

In Fig. 6, contattrs of constant local bur angle and declination components of 

the receiving antemaa'a pzlfntfng direction are shawn. Superimposed contcxw8 of 

conetietnt azimuth and elevation cornpunu~ts of the transmitting antenna's pointing 

asg&m aha appear. m e  cOntanrs €we associated with pointg Ln space 100 dies or 

more away. The following should be noted: 

1. 

2, 

3. 

Scaled separation of the antemp , 

Reference local hour angle and azimuth. 

orthogonality of contours of angular components in the same 

coordhate system. 

Receiving antenna% mechanical travel limite. 

'Rre local horizon mask (gurmunding mountains, etc.). 

4, 

5. 

Figure 7 illuntrsrtee Goldato~!  h a 1  hour angte (GOLEA), declinatign (God), 

&ecrtrtso of the ryrparent rotatian of the celestial -here (due to the Earth's 

M i o n )  the aagular coordhmtea of a spacial point must be accompanied with the time 

of observation, Even & cursory dt6cunePon af time and its megsurement is beyond 

the @cope of thts report (rsee Ref. 4-6)- Though the time-isg at Goldstone ie referred 

9 
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f 
1 

I 

to as Greenwich mean time (GMT), it more correctly should be termed Universal 

Time (UT) or Uniform Solar Tfme. The Goldstone digital clock is periodically 

compared with time ticks from WWV, a standard frequency and time (UT) station. 

I . D. Definitions 

A comparison of encoding systems i s  meaningful only if their characteristics 

are referenced to the same set  of definitions. This is particularly true of accuracy 

specifications. The definitions that follow apply to l h e a r  angular encoding and do 

H 
> 

not necessarily agree with those used by some manufacturers. 
i 

Maximum count: The total number of distinct combinations of two-level 

4 electrical signals in the encoding system's output. 

Least count: The emalleat numerical value represented by one of the 

combinations of the above. 

Quantum: The least count often expressed as the smallest distinguishable 

angular change of the encoded shaft. 

difference between successive count transitions. 

This angular change is represented by the 

Resolution: The smalleet disting~~ishable angular change of the encoded shaft, 
1 

thus 8 quantum. It is also expressed as the ratio of one count over the total count to 

denote the fineness of quantization (Ref. 7) in the conversion process (i.e., of a shaft 

rotation to a digital representation). 
4 I 

t- 
Quantizing: The representation of the amplitude of a continuous phenomenon 

I (e. g., voltage variation, shaft rotation) by discrete electrical levels or  combinations 

. 

of two-level electrical signals. 

10 
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af 
1 

Quantization error :  The undetectable variation of an encoded shaft '8  position 

due to its discrete characterization. Error due to roundoff in numerical calculations 
I 
1 and e r r o r  due to quantizing a re  synonymous. This  variation, inherent in  all systems 

employing digitat. kchniquee, gives rise to'a maximum error (or uncertainty) of i 
f 1/2 quantum. Quantization noise (so called because of its random nature) is 

directly propolt.tiona1 to the quantum (size). 

I 

Accuracy, absolute: The maximum e r ro r  that can be encountered in  an 

encoding system's output representation in terms of the ratio of a plus or minus quanta 

e r ro r  (p lw  or minus degree error) over the total quanta (360 deg ). The absolute 

accuracy includes the unavoidable quantization e r ro r  in addition to the encoding 

syritem's er rors .  In an ideal encoding system, the absolute accuracy would be f 1/2 

quantum (quantization e r ror )  over the total quanta. 

Accuracy, rms: The root-mean-square accuracy is statistically determined 
I 

from n measurements of the encoded shqft '8  angular displacement for corresponding 

encoder count outputs. In essence it is a measure of the likelihood of the encoding 

system's output e r ro r s  falling within particular bounds. The following equations, . 
discussed in more detail in  Section V, are used in calculating r m s  accuracy: 

where 

n 

x* = L 2 ( X b  - Xk) n 
k= 1 

xks = kth reading of the angle represented by the encoder count output 

11 
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xk = kth rea- of the aqukw dispbcement of tbts encoded ebaft 

{where the rnezmwhg device% inaccuracy i6 negligible compared 

to that of the emuding gysrtem) 

x* = ocmple mean err- 

8* = accuracy (or error) about the sample mean error 

n = total number of rrtdfngg n >> 1 

"he sample mean error (l), an ari#mefSc average of the errors found at n 

measured pointe, is a bias which can be removed from the eyetern. The rms error, 

which is a mewwe of dieperrrion of errors, is unaffected by the eanple mean. 

Repeatability: The maximum difference between any two (of many) encoder 

cb\mt ontputs repreaentfrrg repeated and identical angular aettfnEp of the encoded shaft. 

The system error for a given encoded shaft setting is generally a combination 

of a randoID or crtochastic ColIlpOnent and a systematic or predictabre component, 

Regecrtabilfty ts affected by the -dum composent only, whereae accuracy takes fnto 

account h t h  the random and systematic errors. Therefore, quantitatively, repeat- 

ability w i l l  be smaller (or better) than accuracy. 

E. History of Angular l!bcodiDg at 3PL 

In &lay, 1958, a 8-y of angular encoding techniques and equipment was 

made; the resultts of this ~ucwfy were used in selecting the angular encoding system 

far the Juno Lf propam involving the tracking of a radio beacon in a lunar probe. The 

8 5 4  parabolic receiving antenna (HA-DEC) and a 10-f't parabolic, modified Nike 

(Az-El) anZenna were encoded to provide d e c a l  angular data for teletype transmission. 

One-to-one rapeed 8Wts  for each of the axes were not readily available. Limited 

12 
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time and budget prevented the tncorporatim af 1i:l awed arhalts. Coupling of an 

encoding transducer to a shaft g d  to the axb became necessary. For this reason 

inherent gear inaccuracies w e r e  present before the design of angular encoding began. 

Therefore, only tb accuracy of the transducer cmld be rrpeeiffed (consistent with the 

accuracy of the ebaft to which the encoding transducer is coupled when referenced 

to the encoded shaft). 

The considerations above led to the following specifications for the encoding 

transducer (identical for all axes )S 

1. 

2, 

3. 

4. 

5. 

f 6. 
I 

Gearing between the encoded shaft and the encoding transducer ' 8  

mechanical iripuk assumed 45:l step up. 

Traw*ducer count output: 0 to 89,999 in increments of 1 count. 

Encoding system output: 000.000 to 369.994 deg in increments of 

000.004 deg. 

Form of output: binary - coded decimal (see Appendix A).  

Maximum readout command rate: 1 per sec. 

Maximum an- rate of shaft to be encoded: I "  per  eec. 

(Note that the decimal point is fixed and is not part of the output. ) 
I 

I 
The survey revealed that angular encoding transducers in wide use a t  the time 

fell into one of three categoriee: 
L 

1. Phase shift encoding. Here the phase of a periodic waveform i~ 

shifted proportiauktely. to a ehaft rotation and thie phase lshift is 

measured by digital techniques. The Colorado Research 

Corporation ha0 developed an encoding scheme of this type that 

13 
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2. 

3. 

realizes an accuracy of 1 count in 221 counts. (See Ref. 8 for a 

description of an early version. ) 

Encoding with owcal disk patterne (Ref. 1). Optical encoding 

employs a lamp light paseing through EL slit which strikes an 

optical pattern made up of opaque and translucent segments. 

Photocells on the opposite side of the disk convert the light energy 

passing through translucent segments to electrical energy. 

optical pattern is coded a s  a linear or nonlinear function of the 

shaft position. By using a flashing light source, a higher signal- 

to-noise ratio results, ac  coupling can be used with the photocell 

amplifiers, and a higher light intensity without increased heating 

(input power) is realized. 

width (narrownees) Limitations which in turn limit the smallness of 

the pattern segment width. The Baldwin Piano Company had 

successfully produced an 18-digit encoder having an accuracy of 

*I count in 218 counts. It is a single turn, 21-in. -diameter 

encoder (including housing) weighing 165 lb less the high-voltage 

lamp pulser. 

Encoding with conducting and nonconducting segmented (electro- 

mechanfcal commutator type) disk patterns (Ref. 1). Thie type of 

transducer has conducting and nonconducting zone patterns 

analogous to the opaque and translucent optical patterns. Brushes 

riding on these segmented zones serve the same role as mono- 

chromatic light passing through the slit in the optical transducer. 

The 

Diffraction problem give r ise  to slit 

14 
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Pbysical lirnitatiom in minimum b r q h  and segment widths 

restrict  the resofution of commutator-type encoding disks of a 

given size. An increaee in the physical size of the optical and 

commutator disks permits an inereaee in resolution (for the 

minFmum segment width). 

introduced mechanical inaccuracies more than offset the increased 

resolution and ideal accuracy realization. As indicated in Ref. 1, 

resolution, eegment ruling accuracy, and brush widths in the case 

of commutator-type encoding disks do not favorrtbly compare with 

their counterparts i n  optical disks. The single-turn, commutator - 

type e n c o h g  disk with the highest resolution w a s  formerly 

manufactured by the Datex Division of the G. M. Giannini Company. 

The resolution was 2400 counts per turn for a 6.125-in. -diameter 

encoder (including housing) weighing 2.125 lb. Recently, the 

Datex Corporation (now an autonomous subsidiary of the Giannini 

Controls Corp.) achieved a single-turn resolution of 4096 counts 

on a 3-in. disk (commutator type). Step-up gearing between the 

shaft (to be encoded) and the encoding disk results in an increased 

syetem resolution, since a count (or quantum) would represent a 

smaller ahaft rotation. The system inaccuracifts would, of course, 

include gearing inaccuracies. Because of the relatively low 

inherent resolution of the con=mutator-type encoding disks, 

step-up gearing is employed. Reflected inertias (proportional to 

the square of the gear ratio) and speed limitations as well  as 

There is, however, the point where 

* 
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introduced inaoc;tracier must be cmmidered in geared encoding 

eystem designs. Aleo, a coarse or law-count encodtng diak, 

geared 1:l to the encoded shaft, is needed to keep track of the 

code cycles (whenever it exceeds c#d of the fine or high count 

encoding a s k .  Fortnnately, electronic gearing (servo repeaters) 

can be employed to improve gearing accuracy and torque 

requirements. 

The three types Oi traneducers were compared in terms of cost, availability, 

reeolution, required accuracy (static and  dynamic), life expectancy, and reliability 

based on data in a field operation environment. 

The commutator-type tranrsducer wa8 chosen because of its low cost, 

avstflability, simplicity ot aseociated logfc, adequate resolution and accuracy in 

geared systeme, and proven reliability i n  the field. (The Datex Corporation was 

eeleclted to design and fabricate the angular encoding systems. ) Another important 

consideration in ,encoding is the mechanical coupling between the transducer and it6 

input. Longitudinal, angular, and radial offsets between the mechanical faput to the 

traneducer and the transducer itself require a method of coupling to minimize encoding 

errws. Radial o f f e e  (etwxmtrictty) reeulting in a retutive rtisplacement between the 

bnrshes and the disk can seriously degrade the accuracy. m t e x  has incorporated an 

effective integration of the shaft  which provides mechanical input with the encoding 

d i ~ k  as8embly. The disk is mounted on a hnuOw shaft and rotates under brushes 

momted on a housing; the rotation of the housing is restricted. The entire assembly 

slides onto the shaft providing mechanical input and is free to move radially 



@ e m  repeaters were w e d  to link tk dfRkR to two-speed ggnchro senears. In an 

t to sattefy the program time scale and budget, the sensing and 45:l 

step-p gearing took place at the ptniOn drive for each uxb of the Goldstone recehtfng 

mten~.  Tbis unfert.mmWiy introduc=ad gear (pinion and bw) inaccuracies for both 

axe@. Star track# rsvml& enough information about the repeatable gear error@ t o  

* emble R gemeral-purpose dtgisll cdbputer to remove the majority of them from 

measured trajectories derived from Pioneer l[fI and - IV. The star track evaluation 

data used in the encoding syatems w e  shown in Ref. 3. 

A T-2 Wilde theadolite (2 sec of arc, absolute accuracy) and a Hilger and 

Watts clinometer (approximrrtely 6 sec of arc, abmlute accuracy) were ueed to 

determine the! rms aceuracy of the azimuth and elevation encoding eystenae of the 

modified Nlke antenna, 
__L 

Overall azfIlluth a d  elevation encoding accuracies of 38 and 36 see (rms) of 

arc were measured. This included the inaccuracy effects of 5:l gearing in the - Nike 

pedestal, the added 9:l precision gaaring, quantizing;, aad the fine encoding diak, No 

overall accuracy 

since the m m o  reperttern (also used in the power servo cmtrol system) were  not 

availpbie until iSetaUatlon. Since the dynamic acctlracy of the 8emo repeater of the 

were made for the encoding of the Goldstone receiving antenna 
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Goldstone antenna was comparable to that of the precision gearing in the Nike antenna, 

an overall estimate of 40 sec of arc of rms  accuracy wa8 realistic. These results 

were encouraging and led to the epecifications of a new and improved encoding 

system for the receiving antenna. In  order to better evaluate the antenna's pointing 

accuracy and capitalize on an increased potential encoding accuracy, sensing of 

angular rotation about an axis was to be moved to the axie in question. This would 

also place the pinion and bow gear within a 8ervo drive loop, enabling a comparison 

of a digital angular command with a present encoded angular position about an axis. 

Identical syatems were planned for the yet unconstructed 85-ft parabolic transmitting 

(Az-El) antenna deacribed in Section In-B. Upon satisfactory installation and 

operation of these encoding systems at Goldstone, they would serve, under JPL 

cognizance, a8 tHe Goldstone duplicate standard (GSDS) for stations in the World Wide 

Tracking Net .  

Because Datex had achieved extremely high reliability in  the earlier angular 

encoding syetems and had been active in  "electronic gearing" developments, the 

Datex Corporation was awarded the contract for the design, fabrication, and 

installation of the improved angular encoding aystems. The Datex proposal was 

based on 8 JPL etaternent of work and specifications, 

IV. FUNCTIONAL SPECIFICATIONS 

The principal requirements for the angular encoding of each axis of both the 

receiving and the transmitting antenna are: 

1. Aqgular displacement sensing is to take place at one end of each 

orthogonal axis (see Fig. 1 and 4). 

18 
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2. 

3. 

4. 

5. 

6. 

7. 

8. 

Sarvo repeaters are to link the sensor8 (synchro resolvers) with 

the encoding disk assemblies. AB much "electronic gearing" a s  

off-the-shelf electromagnetic synchro resolvers wi l l  permit is to 

be incorporated, with the balance to be supplied by mechanical 

gearing. 

Two encoding d b k  a'ssemblies a r e  to be employed, one for decimal 

(binary coded) and the other for binary representation. 

Interrogation rate (readout command rate) wil l  not exceed 1 

interrogation per see for the decimal channel and 1024 

interrogations per 8ec for the binary channel. 

The encoding logic shall be transistorized and angular data shall 

be available 150 microeec (or lelsrs) after an interrogation pulse 

(trailing edge) of 25 microsec (minimum) of duration. 

Angular velocity about an antenna axis will not exceed 4 deg per 

sec. Angular acceleration about an antenna axis will not exceed 

5 deg per sec. 

Overall static accuracy at count transitions shall be 20 sec of arc  

(rms) or better for both the decimal and binary representations. 

A deeign goal of 10 sec of arc  rms,  however, is to be maintained 

throughout the engineering phase. . 
A maximum count of 180,000 for the decimal channel and 262,144 

(2 
18 ) for the binary channel is to be provided. 

19 
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8 &%all be provided for the cltecimal chrrrnel, (JPL 

tater X&d lamp  bank^ to mdtop  the Mnapgr channels. 1 

A cmpl*e et CEF design bpeeificatlone appears in Appendix €3. 

_ *  , 

8 &%all be provided for the cltecimal chrrrnel, (JPL 

A cmpl*e et CEF design bpeeificatlone appears in Appendix €3. 

heart Of the encodfalf eyetem (Fig, 8) ia the fine-count decimal 

&fnary-coW) ctad bQpry encocbg'disks and their associated coarse-count disks. 

A. Decfmal Encodfng DlsL; Assemblg 

1. Fine-coant blrrk: The fine-count diek generates 2000 code combinations 

per tunr; therefore, when *red to th0 antenna, 90: 1 stepup, 180,000 code combi - 
Iutiowr rc.ulf par urtenrn revolUthn about an axfs. Brushes riding on segments 

sense coanbhat2one of conckzcthg and nonconducting setp~ente making up a Unit- 

dbtance codat (see Appendices A and C). Four identical code pattern8 consisting of 

O W  to 998 countB fn increments of 2 counts (i. e., 500 disltinct code combinations) are 

on the fine-coant disk. Since the lemt significant decimal digit progres~es by 2%, 

1 only five combinations (0, 2, 4, 6, 8) need be represented. This calls for a code 

B 
i 
i 

1 

gwup of three Mta (where a cwrtucting regment and a nonconducting segment 

repeatent a binary 1 and bfnary 0, respectively). The two higher significant digits 

pragre~s by 1'8 and require P code graup of fok bfts. 
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. The three-bit code employed by Datex is tabulated aB follows: . 

Decimal Binary Coded 
Number Representation 

A B c 

0 1 0 0 

2 1 1 0 

4 0 1 0 

6 0 1 1 

8 0 0 1 

The three-bit code is w i t  distance except from 8 to 0. This requires that the least 

eignificant digit must be in the reflected portion just prior to closure (i. e . ,  it must 

cycle through even number of five combination groups). When counting by 2 ' 8  in 

a reflected decimal code, the least significant digit is 8's complemented when the 

next-higher-order decimal digit is odd. 

? 
Reflected decimal equivalents of decimal numbers progressing by 2 'S a r e  

* given a8 follows: 

i Decimal 

00 

02 

04 

06 

08 

10 

b 

Reflected Decimal 

00 

02 

04 

06 

08 

18 

- 

. 21 



JPL Technical Memorandum No. 33-25 

Decimal . Reflected Decimaf 

12 16 

14 14 

16 12 

10 - 18 

20 

28 

30 

38 

20 

28 
* 

- 

38 

i0 - 

To convert the least-significant digit from its reflected to true decimal value, 

two rules are applied. 

1. The least significant digit is unchanged if the next-higher-order 

decimal digit is even. 

2 .  The least significant digit is 8 's  complemented i f  the next-higher- 

order 

of the 

and C 

The four -bit code 

decimal digit is odd. Note that the 8 ' s  complement of each 

three-bit combinations is derived by interchanging the A 

bits. 

adopted by Datex for representing the two higher significant 

digits of the fine-count disk (as well 8s all other decimal digits) is tabulated as 

follows: 

22 
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Decfmal , 
Number 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Binary -Coded 
Representation 

A B C D  

1 0 0 0  

1 1 0 0  

0 1 0 0  

0 1 1 0  

0 8 0  1 0  

0 0 1 1  

0 1 1 1  

0 1 0 1  

1 1 0 1  

1 0 0 1  

The four-bit code is unit distance with unit-distance closure (9 to 0). It is also 

reflected since the A, B, and C bits from 5 to 9 are reflections of those from 4 to 0, 

and the upper h a l f  of the decade is distinguished from the lower  half by the state of 

the D bit. The inversion of the D bit (1's complement) of each four-bit combination 

yields i ts  9's complement. As explained in Appendix C, the conversion from reflected 

decimal to true decimal involves 9's complementing (when the count progresses by 

1 ' 8 ) .  

In both the three- and four-bit Datex codes, the combinations of all 0's and all 

1's are forbidden (i. e. , unused). By ruling out all 1 Is, Datex is able to reduce power 

supply requirements in the associated logic. The use of at least one binary 1 and one 

binary 0 in every combination serve8 as a trouble-shooting aid. 

23 
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To illuatrate the unit-distance property of the code on the fine-count decimal 

disk, several successive counts along with their decimal equivalents a r e  shown: 

Decimal Reflected 
Number Decimal Nu&?r 

996 

99 8 

000 

902 

BOO 

000 

Actual Code 
Pattern 

1001 1000 110 

1001 I000 100 

1000 1000 100 

002 002 1000 1000 110 

The count from 998 to 000 is the transition between patterns. Code combinations 

representing the successive reflected-decimal counta are separated by a unit distance. 
4 

'This reduces the count ambiguity in the region of count transition to fl count (see 

Appendix C). 

2. Coarse-count disks. For one rotation of the antenna about an encoded 

axis, the reepective fine-count disk makes 90 revolutions, and 90 times 4 or 360 

patterns are generated. Each pattern consists of a 000 to 998 decimal count by 2Is. 

Coaree-court encoding disks are utilized to tally the patterns traversed. (Coarse 
' 

and fine disk code combinations are seneed for parallel readout. ) The first coarse- 

count disk is geared 36:l step-up to the antenna. It hae one pattern and generates 36 

1 patterns for one rotation of the antem. Each pattern of the firet coarse-count disk 

keeps, track of 10 patterns of the fine-count disk, and therefore consists of a 0 to 9 

decimal count or 10 counts by 1 Is. 

The second cornree-count disk is geared 1:1 to the antenna axis. The 36 patterns 

associated with the coarse-count diek (per  antenna rotation) a r e  counted by a 

24 
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singh pattern on the beC011ICf C o a r b @ - C O W t  disk. The paBern coneists of a 0 to 35 

decfmol c m t  by 1's. 

The follaving table summarize6 the comespanderice between disk patterns: 

Disk 

Fine 

let 
Coarae 

2nd 
Coarse 

t 

I I 
360 I 000-998 I 

36 36 0-9 

I 00-35 
1 I 1  

I .  1 

count 
Increment 

The output of each disk repreeents three distinct though related numbers. The 

numbers are in a reflected decimal system. In the case of the first coarse disk's 

output, only a single decimal digit is represented. Therefore, the true decimal and 

the reflected decimal a r e  equivalent since a single digit is necessarily the highest 

significant digit (see Appendix C).  The output representation of the decimal encoding 

disk assembly varies from 000000 to 359998 in increments of 000002. This is actually 

a decimal degree representation of the antemats angular position about one axis. The 

decimal is fixed and not part of the output. The leas% count is 000.002 deg, and the 

individual diek'e contribution is shown for the representation of 359.998 deg. 

. 

2Per rotation.of the antenna about an encoded ax&@. 

25 
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(359.998) 

35 9 

t ’  t 
34 9 

908 decimal degrees 

t 
800 disk assembly presentation 

( in  reflected decimal) 

2 nd 1 st Fine 
Coarse Coarse 

For all decimal degree representations, the two highest significant digits a r e  

supplied by the second coarse-count disk, the third highest by the first coarse-count 

disk and the three least significant digits by the fine-count disk.  

The coarse-count disks are mechanically geared down from the fine-count 

disk as shown in the functional block diagram in Fig. 8.  The gearing accuracy 

requirements a re  much leas severe than those between the antenna and fine-count 

disk; this is due to a double disk arrangement (for both the first and second coarse- 

couht encoding). 

disks is read for a given antenna setting. The fine-count disk setting is used to 

select one of the two identical first coarse-count disks. 

coarse-count disk presentation determines the selection of one of two identical second 

coarse-count disks. Thus, the disk with the highest inherent resolution and accuracy 

{the fine-count disk) directly or indirectly (in the case of the second coarse-count 

disks) decides coarse-count disk selections. Each of the two identical disks is offset 

angularly an equivalent of 1/4 of its least count. One disk is advanced (the leading 

disk) and the other retired (the lagging disk), 

The next -higher -speed disk determines which of the two identical 

In a like manner, the first  

26  
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As an aid to understanding the process of lead-lag disk selection and the 

resulting relaxation of gearing accuracy for coarse -count encoder Is disks, consider 

the reading of a gas meter. In order to read the "tens" dial, the "units" reading must 

be considered; in order to read the "hundreds"~dia1, the "tens" reading must be 

considered. 

t 

Hundreds Tens Units 

A dial reading of 209 is arrived at by the following rules: 

1. For next-lower-order nonweighted readings from 5 through 9, the 

nonweighted reading i n  question is less than the nearest apparent 

indication. 

2. For next-lower-order nonweighted readings from 0 through 4, the 

nonweighted reading i n  question is greater than the nearest 

apparent indication. I 
The accuracy of the overall reading in the above example is dependent upon the 

accuracy of the units dial reading. 
I 

In the readout of the coarse decimal disks, lead-lag select is determined by 

logic according to the following set of rules: 

2 7  
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1. For fine-count disk settings from 500 through 998 in decimal 

(590 through $00 in reflected decimal), the lagging f i rs t  coarse- 

count disk is selected. 

For fine-count disk settings from 000 to 498 in decimal (000 

through 490 in reflected decimal), the leading first coarse-count 

disk is selected. 

For first coarse-count disk readmts from 5 through 9, the lagging 

second coarse-count disk is Selected. 

For first coarse-count disk readouts from 0 through 4, the leading 

second coarse-count disk is selected. 

2.  

Referring to the Datex four-bit code, the state of the D bit discloses whether 

a decimal digit representation is between 0 and 4 or 5 and 9. 

for the lead-lag disks is optimum, and therefore allows a maximum tolerance in the 

gearing between diake. 

The f 1 / 4  count offset 

In practice, sufficient tolerance is available such that the 

gearing design is not critical (see Ref. 1, ch. 6, pp. 45-49, 60-64, and 68-69 for 

related discussions). 

A photograph of the encoding disk assemblies presently in  use at Goldstone 

appears in Fig. 9. 

€3. Binary Encoding Disk Assembly I 

1. Fine-count dbk. The fine-count disk generates 2048 (211) counts in 

reflected binary (Appendix C). By gearing the fine- 

count disk to the antenna 1:128 ~ ~ 1 ,  a 262, 144 (218) count in increments of 1 count 

The count increment is 0001. 

1 

results per antenna rotation about an encoded axis. This represents the binary count 

28 
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nearest to (and higher tban) the 180,000 total decimal count. 3 y  resolving one 

rotation of the antenna into a binary count, the coordinate converter which operates 

in binary ie not required to make m e  conversions. 

Unit-distant closure is realized on the fine-count disk aince the total number 

of combinations is an integral power of 2. The reflected binary equivalent of 2047 

(higheet count) is 10000000000 and a unit-distance from the all-zero combination 

(lowest count). 

2.  Coarse-count disks. Two identical coarse-count disks comprising a lead- 

lag set a r e  geared 1:l to the antenna. A 128-count pattern of 1-count increments is 

on the coarse-count disks to tally the number of revolutions made by the fine-count 

disk. In effect, the 211 (weighted) bit through the 217 bit in true binary are supplied 

by the coarse diske. The 2' bit through the 21° bit in true binary a r e  derived by the 

fine-count disk. Unlike the decimal disks, which all have reflected codes, the fine- 

count disk code pattern is reflected binary whereas the coarse-count disk code 
. 

patterns are true binary. 

The ambiguity in the region of coarse-count transition (described in  Appendix 
5 
! 

C)is removed by the lead-lag selection of the coar~ie  disks. One disk is advanced 

(leading) and the other is retired (lagging) just as in the case of c o a r ~ e  decimal 

(binary-coded) disks. 

count (Ref. 1). 

disk selection is made according to the following rules: 

The optimum angulq  offset is f1/4 of the coarse disks' leaat 

The true binary patterns provide a nonambiguous binary readout when 
t 

1 
1. when the next-lower-order bit (i. e., the highest significant bit of 

the fine-count digk) is a binary 1, the lagging coarse-count disk 

is selected. 

29 
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2 .  When the next-lower-order bit is a binary 0, the leading coarse- 

i 

count disk is selected. 

These rules a r e  essentially the same as those applied to coarse-decimal-disk 

The binary 1 is analogous to the higher half-decade (5 through 9) while the selection. 

binary 0 is analogous to the lower half-decade (0 through 4). 

. 

An example of a binary readout of the binary-encoding disk assembly is shown 

for a 102, 374-count representation. 

0 21°. .e. .. . . 2  17 11 2 ..... 2 

01 10001 

01 10001 

1 1  11 100110 

100001010 1 

coarse count fine count in 
in true binary ref le c ted binary 

Count 

binary weights 

t r u e  binary 

actual representation 

C. Decimal Encoding Logic 

Figure 10 schematically depicts the transistorized logic associated with the 

encoding of a decimal digit. 

derivation of an 8 -4 -2 - 1 binary -coded decimal representation of any but the least 

significant digit can be traced from its respective disk. The principles and basic 

circuit modules also apply for the least significant digit. 

By Including portions o r  all of the logic circuitry, the 

Suppose the brushes associated with the highest significant digit on the fine- 

count decimal disk are connected to the input (extreme left) of the logic. 

even sensing circuit (required for 9's complementing) is not used for the highest 

significant digit. The store-follow circuitry is comprised of a store-follow toggle 

The odd- 
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(flip-flop) and four data transiertor pairs. The bistable states of the store-follow 

toggle are determined by the level of the interrogation line. During the presence of 

a negative interrogation pulse, the left transistor is saturated and the right transistor 

is cut off, caueing each of the four data transistor pairs to behave as two cascaded 

power amplifiers. A brush riding on a conducting segment (binary 1) is at ground 

potential, causing its left data transistor to be cut off (collector negative) and the 

right data transistor to saturate (collector ground). The reverse is true when the 

brush is riding on a nonconducting segment, thus having a negative potential. During 

the interrogation pulse, the data transietor pairs sense segment changes a s  described 

above. Upon the removal of the interrogation pulse (grounding of interrogation line), 

the store-follow toggle changes state to cause the data transistor pairs to remain in 

the states they were in just prior to the removal of the interrogation pulse. The 

absence of the interrogation pulse (store mode) also causes the data transistor pairs 

to ignore input changes. The store-follow circuitry thus enables encoding disk code- 

combinations to be sensed ''on the f ly .  " Readout in BCD is delayed for  a minimum of 

150 microsec after interrogation to permit switching transients to settle. This is not 

a severe restriction since the angular rate about any of the encoded axes cannot 

exceed 4 deglsec. Therefore, the angular change between interrogation and readout 

cannot exceed 4deglsec x 150  x 1 0-6 sec = 0.0006 deg, which is outside the 0.002 deg 

decimal -sy stem resolution 

t 

i 
1 

I 

I One of two outputs of each data transistor pair is fed to each of ten transistors 

!I for Datex code -to-decima 1 conversion. The circuit configuration forms a not -and" 

(Ref. 9, 10) o r  Sheffer stroke type of logic. The four inputs a re  "anded" and negated 

(Ref.  9, 11) as follows: 

! 
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6 
+ I V  
B I A S  

Any one of the four inputs at a negative potential results in base current flow and 

saturation such that the coIlector (output) is grounded. When all four inputs are at 

ground potential the collector voltage and output a r e  negative. 

With reference to the brugh lines, assume that the Datex code ABED 

(a decimal 7 )  is sensed, Only one transistor in the Datex code-to-decimal converter 

has all i ts  inputs at ground potential. The output of this transistor (seventh from the 

top) is negative, and represents 5 (not seven) and feeds an inverter of the decimal 

lampbank driver. A negative input saturates the transistor and grounds the collector 

such that a r e tu rn  is provided for decimal 7 lamp. The 5 is thus logically negated to * 

give 7 for display purposes. 

The outputs of all the other transi~tors in the Datex code-to-decimal converter 
I 
! 

1 a r e  at ground potential. The invertere in the decimal lampbank driver fed by these 

outputs a re  cut off such that their collectors are returned to ground through a high 

' impedance, preventing the "turning on" of their respective lamps. 
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All the outputs of the Datex code-to-decimal converter are also fed to the 

decimal-to-BCD converter. The four channels in this converter provide the 23, Z 2 ,  

2 1 0  , 2  or the 8-4-2-1 weighting for the BCD output. By examining the BCD equivalents 

of the decimal digits from 1 to 9, the required combinations of inputs for proper 

weighting become apparent: 

Decimal Digit 

0 

Binary-Coded Decimal 

8 4 2 1  

0 0 0 0  

0 0 0 1  

0 0 1 0  

0 0 1 1  

0 1 0 0  

0 1 0 1  

' 0 1 1 0  

0 1 1 1  

8 1 0 0 0  

9 1 0 0 1  

Those decimsl digits whose BCD representation contains E binary 1 in a 

particular column are correlated as follows with the weight of that column: 
i 
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Column Weight Decimal Digit8 

1 1 s  3, 5, 7, 9 

2 2, 3, 6, 7 

4 4, 5 ,  6, 7 

8 8, 9 

The 10 by 4-line matrix (i. e., decimal-to-BCD converter) has the decimal line 

grouping into the BCD lines in  accordance with the latter tabulation. A l l  inputs to the 

not-and'' logical transistor circuits must be at  ground potential for a negative 1 1  

collector output. 

output is at ground potential. 

For any one of the inputs at a negative level, the collector or  

In the example, a l l  but the 7 line is at ground potential. The negative 7 line 

causes the outputs of the transistors (in the Sheffer stroke circuits) associated with 

The the 1, 2 ,  and 4 (weights Z O ,  2 l  and 2 2 ) lines to be at zero or  ground potential. 

corresponding transistor in  the 8 (23) line has both inputs (decimal 8 and 9) at ground; 

therefore, i t s  output is negative. Having defined ground as a binary 1 and a negative 

potential as a binary 0, the above outputs can be interpreted a8 a 0111 or  the BCD 

representation of the decimal digit 7. 

The JPL specifications in Appendix B called for two sets of logical levels: 

Binary Representation Nominal Voltage Level 

True (1) 

False (0) 
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The inverters in the output of the decimal-to-BCD converter provide the -6-v 

(binary 1) and 0-v (binary 0) set  of levels. . The f i n a l  set  of transistors provides 

inversion and level changing to satisfy the output requirement of -13-v (binary 1) and 

-2 3-v (binary 0). 

~ In the encoding logic for the second highest significant digit of the fine-count 

disk, 9's complementing is required when the highest significant digit is odd. The D 

bit for the second highest significant digit, designated as Do, is fed into the odd-even 

sensing circuit. The fictitious switch (SW) wauld be i n  the up position. 

The DO bit is to be inverted when the highest significant digit is odd. The logic 

required can be determined from examining a table of combinations (Ref. 11) or  truth 

table (Ref. 9). 

Highest -@der 
Decimal Digit 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Odd-Even Binary 
Representation (W) 

t o  

1 

0 

1 

0 

1 

0 

1 

0 

1 

DO 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

New D 

. O  

1 

0 

1 

0 

0 

1 

0 

1 

0 
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The DO column giver the state of the b bit of the Becond highest significant digit of a 

reflected decimal number for decimal digit8 0 through 9 (in Datex code). A n  inversion 

of Do is required (9 ' 8  complementing in Datex code) when the next-higher -order 

decfmal dfgit is odd. By the use of a Kararrgh m a p  (Ref, 11) or a Veitch diagram or 

other minimization methods (Ref. 9, 11) a logical expresston which is unique and has 

a minimum eum (redundancies removed) can be derived (Ref. 11). Designating the 

second column as W, the desired logical expression is 

This logical expression (Boolean function) is known as  an "exclusive or" o r  

"h8U adder" (binary addition without carry) function. Other designations such a s  

" S u m  modulo two, " "disjunctive sum, 

function is often written W @ DO = wijo  t *Do. The expression implies that if W or 

Do, but not both, a r e  true, a binary true (1) results. The simple "inclusive or" 

function differs in that in a binary true (1) results if both a r e  true. 

or "ring sum" (Ref. 11) a r e  used. The 

The odd-even sense circuitry designed by Datex effects the 9's complementing 

decision in the following manner: The input to odd-even sensing is a diode (inclusive) 

or" configuration connected to the even decimal line outputs (associated with the next I t  

highest Significant digit) of the 4-by40 matrix (Datex code-to-decimal converter). The 

''or'd" input is inverted and then "exclusive or'd" with the D bit of the second highest 

significant digit pattern on the fine-count diek deeignated a8 Do. The exclusive "or" 

output i h l  inverted and becomes the (new) D inph  to the data transistor pairs. Assume 

that the second highest significant digit in the reflected decimal code ier 5, so that Do 

is at ground potential and represents a binary 1. Using 7 again as the highest 
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eignificant digit, the "or'd" input lines will all be ai  ground, reeulting in a negative 

voltage or binary 0 to be "exclusive or Id" with Do, a binary I. The output before 

inversion is at ground (binary 1). The final inversion result6 in IL negative input to 

the (new) D line of the data transistor pairs; thi8 represents a binary 0 o r  an inversion 

of Do. Since the highest significant digit is odd, inversion of Do or 9's complementing 

correctly results. 

For coarse-diek encoding logic, lead-lag selection circuits a r e  used. The lag 

and lead transistor circuits are interconnected to form a lead-lag toggle. The D bit 

of the next-lower-order digit (which is the highest significant digit of the next-lower 

encoding disk) determines the bistable state of the lead-lag toggle. When a binary 1 

(ground) appears at the toggle input, the lag transistor saturates and the lead 

transistor iS cut off. Therefore, the lag common is at ground, providing brushes on 

the lagging disk a ground return when on a conducting segment. The lead common is 

returned to a negative potential sufficient in magnitude to back-bias the diodes in 

ser ies  with leading brusherr when the leading brushes a r e  on a conducting segment. 

The diodes in the lead-lag eelection circuits serve to isolate the coarse lead-lag disks. 

In the foregoing example, the data tramisto# pairs sense the code combinations of 'the 

lagging diek. A binary 0 (negative) input to the lead-lag toggle cauees the code 

combinations of the leading disk to be sensed. 

. 

$ 

Orie of the two BCD outputs is fed to data handling equipment, where it is 

serialized and converted to teletype code. Each six-decimal-digit angle is time- 

tagged along with other data to be transmitted over teletype lines. 

A photograph of the decimal encoding logic (circuit modules) and the decimal 

lampbank (visual display) appears in Fig. 11. 
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D. Binary Logic 

Many of the same circuit rnodu.les are used in both decimal and binary 

encoding logic. The store-follow control, lead-lag select and "exclusive or" circuits 

are employed in the binary channel (Fig. 12). 

of the store-follow circuits (to be explained in more detail) a r e  identical to those used 

The purpose ahd theory of operation 

in the decimal logic. Conversion of the reflected binary pattern on the fine-count 

binary disk to a binary representation is done by meam of "exclusive or" circuits. 

In Appendix C, rules for conversion of reflected binary to binary a re  given. 

By "exclusive or -ing" a particular reflected binary digit with the next-higher-order 

binary digit, the corresponding binary digit is derived. The conversion is serial  and 

takes place from the highest significant digit (in binary) to the lowest. At the outset, 

only the highest significant binary digit is known (identical to its corresponding 

reflected binary digit). 

digit, etc. 

It is used to determine the second highest significant binary 

The input to the fine-count store-follow circuitry is reflected-binary . The 

brush leads a re  ordered from 0 through 10. These leads are not to be associated 

with weights, since reflected codes a r e  not fixed-weighted. A negative or ground 

4 * 
potential appears at each of the ordered inputs and corresponds to a binary 0 (non- 

' 
conducting segment) o r  binary 1 (conducting segment), respectively. The output is 

taken from the collector of the transistor of the data transistor pair  which reverses 

the above correspondence to satisfy the specified, nominal output, logical levels of: 

-6 volts for binary 1 

0 volts for binary 0 
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The role of the logical circuits is discussed without further reference to the 

logical levels. 

The reflected-binary-to-binary conversion resulting i n  the 2 lo through 2' 

weighted bits ie illustrated by example. 

brush order 10 9 . .  . . . . . .  0 

1 0 1 1 0 1 1 1 0 0  1 reflected binary 

1 1 0 1 1 0 1 0 0 0  1 binary 

21° 2 9  . . . . . . . .  2' binary weights 

1 1  Those binary digits joined by arrows are exclusive or'd" to determine the next-lower 

binary digit. By applying the rules presented in Appendix C, the following table of 

combinations can be derived; 

n-1 Bit Reflected n-1 Bit 
Binary Binary 

1 

1 
t 

1 

0 
I 

This, i n  fact, corresponds to "exclusive or" logic. 

Lead-lag selection of the coarse-count disk is identical to that described in 

the decimal case. The 2" bit (binary 1 or binary 0) determines coarse-disk 
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selection (lagging or  leading). The coarse-count store-follow input circuitry provides 

diodes for isofating the coarse disks. 

The store-follow circuit modules (used in both decimal and binary logic) 

contain either lead-lag isolation & d e s  OF integrator circuits in the inputs. The 

integrators, each of which is comprised of a 7-volt zener diode, a capacitor, and two 

resistors (through one of which brush current flows), are used to filter spurioue 

noise from high-speed (fine-count) disks when readout speeds in excess of 30 rpm 

may be required. As 8tated previously, the slow-speed (coarse-count) disks require 

diode inputs for lead-lag disk i8OlatiOn. 

Binary readout "on the fly" does not (as  in the decimal channel) introduce 

appreciable angular readout error at the maximum antenna angular rates. 

Lampbank driver boards (two per binary channel) were added after installation 

to the binary outputs. Eighteen inverter amplifiers (one per bit) were used to 

monitor each binary channel. A binary 1 (-6 v) is indicated if  the lamp in the 

cblleetor circuit is on. A binary 0 (0  v) is indicated if  the lamp is off. The lamps 

a r e  grouped by threes such that an octal presentation is available for the observer. 

Figures 1 and 4 show the decimal and binary encoding logic and visual displays 

installed. The sizes of the racks and equipment a r e  exaggerated for emphasis. 

E. Sensors and Servo Repeater 

The sensors of antenna rotation (transmitting synchro resolvers) a r e  part of a 

servo repeater 'that provides the precision electromechanical gearing required by the 

decimal and binary fine-count disks. These elements (see Fig, 8) a r e  described 

below : 
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A multipoled synchro resolver play8 the most important role in providing 

accurate gearing. The multipole resolver was designed and developed by Bell 

Tedmical Laboratories; Clifton Precision Products Company is licensed to manu- 

facture them. The performance chraracteristics are similar to thuse of a geared-up 

synchro resolver. The resultant of the two resolved electrical signals rotates 

through an angle that is a multiple of the mechanical (input) shaft rotation. In the 

c86e of the multipoled resolver, the step-up is derived electrically. 

8 

The multipoled synchro resolver has two distinct advantages. Laminations of 

the rotor and stator give riee to a statistical averaging effect (Ref. 12), thus reducing 

. the required machining accuracy far below the accuracy realization of the end product. 

Brushes and Slip rings are  eliminated, since all  windinga a r e  on the stator. The 

elimination of the brushes and slip rings found in conventional synchro resolvers 

adds to ruggedness and reliability. Inaccuracies in machining laminations a r e  

reduced, since the orientation of each lamination is averaged in the electromagnetic 

induction process. 

The rnultipoled synchro resolver, like conventiollal synchro resolvers, may be 

claseed as a variable coupling transformer. A fundamental difference is the 

variation of induced voltage which is due to the variation in the reluctance of the 

magnetic paths between the exciting and sine-cosine windings. The reluctance of the 

magnetic path for the excitation flux is varied almoet sfrmeoidally by rotating the 

rotor, which has equally spaced serrations or teeth on the periphery of the rotor 

laminations. 

The magnitudes of the sine,and cosine winding outputs vary sinusoidally with 

the electrical angular change and a re  a multiple of the mechanical (input) angular 
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change. The number of teeth on the rotor determines the order or  ratio of electrical 

lar change to mechanical angular change of a given multipoled resolver. At the 

the design of the encoding systems was initiated, “off the shelf” multipoled 

lvers wi th  an order of 27 were available. Though higher-order laboratory models 

d been fabricated and tested, production units w e r e  not then available. 

The accuracy and repeatability of individual multipoled resolvers were not 

experimentally checked because of the stringent fabrication and test time schedules. 

However, each channel of the encoding systems now in operation was carefully put 

through overall accuracy tests (see Sect. VI). The specified accuracy of 20 sec of 

a rc  (rms) referred to the encoded axis was met for each channel. 

measurement w a s  made with compensation introduced for repeatable e r rors  (to be 

discussed later). 

errors.  (See Ref. 12 for a discussion of harmonic content.} This indicates that each 

The above 

The output of each multipoled resolver proved to have repeatable 

multipoled resolver with repeatable error  compensation necessarily had an accuracy 

of better than 20 sec of arc rms  referred to its input shaft. Repeatability for each of 

the channels (for desired readings approached wi th  input rotations of the rnultipoled 

resolvers taking place in the same direction) w a s  measured to be 4 see of arc or  

better. 

arc.  

Repeatability of the resolvers must therefore be at least a s  good a s  4 sec of 

The sine and cosine outputs a re  compared with the sine and cosine outputs of 

a conventional single-poled resolver. The difference represents an error  signal and 

is fed to a transistorized amplifier via the coarse-fine synchro switch. (Note that 

the multipoled resolver is also termed a vernier or fine resolver.) The control 

winding of an ac servo motor serves as a load to the servo arnplifi(1r whose output is 
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either in phase o r  in  phase opposition with the excitation voltage of the servo motor's 

reference winding. The direction or sign of the e r ror  determines the phase relation- 

sup between the control and reference voltage and, hence, the direction of rotation of 

the servo motor. Geared to the servo motor is the single-poled reeofver, whose 

output is to be compared with that of the multipoled resolver. It is driven by the 

motor i n  such a direction that a near-zero e r ror  results whenever the input shaft of 

the multipoled resolver is rotated. The single-poled resolver rotates through an angle 

27 times that of the multipoled resolver's input shaft. When the input shaft is fixed, the 

e r ro r  is nulled such that the control voltage reduces to zero and the servo motor 

ceases to rotate. Inertial damping proportional to the angular acceleration of the 

servo's output aids in stabilizing the servo repeater. The only feedback is positional, 

making the servo a type 1 or positional servo (Ref. 13).  

The above discussion deals with the vernier servo loop, i n  which the multi- 

poled synchro resolver (transmitter) serves as a sensor and comparator, with a 

single-pole resolver providing feedback proportional to the positional e r ror  of the 

27-speed shaft. 

Just  as in the case for two-speed synchro resolvers used as  sensors, ambiguity 

arises when closing the fine loop. There a r e  27 positions of the multipoled input 

shaft that could be nulled by a given angular setting of the single-poled resolver i n  the i 
I vernier loop. Some means must be incorporated to ensure that a particular 1:l 

correspondence is maintained between the angular input settings of the rnultipoled 
i 

resolver and the 2'7-8peed shaft in the servo repeater, Rotation of the antenna during 

the removal of encoding system power, for example, could result in  a change of the 

above correspondence when encoding system power is applied. The ambiguity of 

43 



JPL Technical Memorandum No. 33-25 I 

,correspondence is reeolved by coupling a single-poled synchro transmitting reeolver 

to the encoded axis and having its output compared with that of a single-poled aynchro 

receiving resolver geared down 27:l from the 2?-epeed ehott in the servo repeater. 

Whenever the compared outputs of the 2 one-speed reeoivers exceeds 8 preset 

threshold, the coarse-vernier transistorized synchro bwitch interprets this condition 

as a coarBe e r r o r  eignal and delivers it to the servo amplifier. Coarse loop closure 

results until the e r ror  signal falls below the preset threshold level, which indicates 

that the input shaft to the multipoled resolver is in  proper correspondence with the 

2 7 - a p e d  shaft. The synchro switch then returns control to the multipoled resolver 

for vernier -loop Servo operation. The error -signal threshold setting for coarse loop 

servo operation corresponds to a 2 to 3-deg angular error between the one-speed 

resolvers. Each pseudopole of the multipoled resolver is associated with a 13.3 deg 

mechanical angle (i. e. ,  360/27). The coarse loop thus provides enough coincidence 

to realize proper Correspondence in the vernier loop. Normally, the sensors and 

servo repeater a r e  operating in the vernier mode. A photograph of a multipoled and 

single-poled synchro resolver assembly now mounted on the HA-DEC antenna is 

shown in Fig. 13. 

Wit& the servo loop, a 00:1 step-up drive ie developed for the fine-count 

decimal disk. Mechanical gearing betuPeen the ~ervo motor and the 27-speed shaft is 

such that a 90-speed drive is obtained and the motor is permitted to operate over 

rated speed ranges. Mechanical gearing of 10:3 step-up from the 27-speed shaft 

provides 27 x (10/3) or a 9O:l (referred to antenna rotation) step-up drive. 

The velocity constant or e r ro r  coefficient wae determined experimentally by 

Dalex for the cage where the angular poeltion of the 90-speed shaft (referred to the 
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encoded axis) is considered to be the controlled varfable. A Kv of 300 sec" w a s  

measured. This is the velocity of the controlled variable over the actuating e r ro r  for 

a constant rate of change of the controlled variable mef. 13). The positional e r r o r  

of the 90-speed shaft for a nominally high tracking rate of 1 deg/sec would be 

I" or 0.0033" 
300 sec'l 

Mechanical gearing of 128 to 90 step-up from the 90-speed shaft provides the 

128:l (referred to antenna rotation) step-up drive. 

A layout of all  the mechanical gearing in the servo repeater appears in 

Rig.  14. To achieve the 2 0  see of arc rms, overall system accuracy, the design of 

the precision mechanical gearing has been approached with care. The choice of 

available gears and bearings along with the machining of bearing housing bores is 

critical. Of paramount importance is the painstaking attention that must be given in 

assembling the gear train components. 

Backlash and gear inaccuracy (Ref. 14) a r e  two fundamental sources of 

positional e r rors  arising in the transmission of motion and power i n  a gear train. 

Backlash can be described a s  lost motion between gears. It is the amount by which 

the width of a tooth space exceeds the thickness of the engaging tooth measured on the 

pitch circle (Ref. 14). Backlash gives rise to positional errors and can cause poor 

servo response and servo instability. 

Sources and analyses of backlash appear in Ref. 14. The sources listed are: 

1. Gear center -distance variation. 
8 

2. Gear size. 
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3. Pitch diameter runaut. 

4. Ball bearing errors .  

5. Gear assembly to shaft. 

6 .  Shaft runout. 

7, Looseness of shaft, bearing and housing bore. 

8. Composite gears. 

9. Environmental sources. 

10. Rigidity of installation. 

As indicated in Fig. 14, Datex incorporated adjustable centers a t  various 

points in the gear train, enabling reduction of backlash caused by gear-center distance 

variation. 

tolerances and gear size tolerances. The adjustments are critical and should not be 

made in the field. 

Increases in assembly costs are justified by larger gear -center location 

Inaccuracy independent of backlash is also present in gears and may be 

described a8 positional errors due to the variation of velocity ratio with meshed gear 

rotation. This inaccuracy, termed total composite error,  results from the less than 

perfect methods of generating gear teeth. Even the employment of optical indexing 

when cutting gear teeth cannot completely eliminate the errors .  

In Ref. 14, four basic types of inherent gear e r rors  are listed and described 

as: 

1. Pitch circle runout or pitch error ,  which is the eccentricity of the 

gear bore w d  the pitch circle. 

Tooth thickness variation o r  spacing error,  which is the variation 

of the circular pitch. 

2. 
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3. Profile error, which is the descrepancy between actual tooth form 

and the theoretical involute. 

4. Lateral runout or wobble of the pitch plane, which causes indirect 

profile er ror  and backlash. 

In order to calculate the maximum and the probable gear train inaccuracy, a 

complete set of manufacturing specifications, a knowledge of manufacturing techniques 

and limitations, and an understanding of the interrelation of the gearing parameters 

(Ref. 14) a r e  necessary. The maximum inaccuracy represents a n  extreme case i n  

which each er ror  is  assumed to approach the limit specified by a respective tolerance. 

A more meaningful inaccuracy figure is the probable inaccuracy. 

practical result of sumining component probable e r rors .  

This is the 

The maximum inaccuracy, 

though simple to calculate, h a s  a low probability of occurrence in practice. . 
The reflected inertias constitute another very important consideration in the 

precision gear train design in the servo repeater. Since inertias a r e  reflected by 

the square of the gear ratio, the total inertia reflected to the lower-speed shafts can 

be quite large (Ref. 1). 

Figure 15 is a photograph of the servo repeater in which the precision gearing 
4 

is located, ' .  
The repeatable e r rors  in  the gear train and multipoled resolver are compen- 

sated within limits. 

cam follower which is Linked to the housing of an encoding disk assembly. 

A cornpeneation cam mounted on a single-speed shaft actuates a 

The I 
housing is rotated in  accordance with its associated cam profile, and a relative 

displacement between the brushes and disks occurs such that predetermined counts 

are added o r  subtracted to reduce dominant repeatable errors .  Cam profiles a re  
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determined experimentally for ench cam and chamel combination. Cables from the 

sensors on the antenna k, the servo repeater influence the cam profileB, making 

crnblee of equal lsngtb n&.nterchngeable. Datex b s  slnce discovered that twisted 

pairs of conductor r u ~  minLmize mutual coupUng between conductore to the extent 

tbat cable interchangeability fs feaeible. A pronounced 54-cycle variation in each 

CBM profile can be attrtbute# to the second harmonic output of the multipoled resolver. 

Operation of the encoding system in the field revealed that the difference in 

the decimal and binary channel readings for each encoded axis varied appreciably 

from day to day. A f t e r  an optical alignment of the antenna at its zenith pointing 

angle, the decimal and binary channeb were indexed to agree with the optically 

measured angular displacement of the antenna about the respective encoded axis. 

Differences of hundredths of degrees between the decimal and binary channels would 

appear in  subsequent checks at zenith settings. The difficulty was traced to 

restraining forces on the housing of each encoding disk which prevented the introduction 

of the desired repeatable e r ro r  cornpeneation. Conductors connected to the brushes 

mounted on the interior of the encoding disk housing a r e  brought out of the Bervo 

repeater chagsls through a chassis -mounted connector. The conductors, bundled to 

form a cable, did not have enough flexibility to permit housing rotation as an eltact 

function of the cam profile. Also,the cam roller, mounted on a lever arm, was  on a 

drfction belaring; Sliding instead of rolling resulted. The cable jacket wae removed 

and the conductore w e r e  replaced with smaller-gaged, more flexible conductors to 

minimize the restraining forces. JPL also redesigned the cam rollers and mounted 

them on ball bearings to reduce wear and enhance their reliability. These changes sub- 

stantially reduced the peak variation in the decimal, and binary to less than 0.006 deg 

8 

. 
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8t the zenith s e w .  mar variation is realistic when the additional mechanical 

gearing (whfch lessens accuracy) in the binary channel and the quantizaaon and 

encoding disk er rors  in both channels are  considered. 

F. Mechanical Coupfing of Sensors 

The inaccuracy of the mechanical coupler between each encoded axis and 

multipoled resolver contributes to the overal1,encoding system inaccuracy. Any 

encoding technique is affected by coupling inaccuracies. For those system6 designed 

for "state of the art" accuracy performance, mechanical coupling inaccuracy may be 

the limiting factor. 

Angular positional changes mu& be transmitted by the mechanical coupler 

with a high degree of accuracy. Since, in practice, coupled shafts cannot be aligned 

perfectly, the coupler mugt accommodate expected radial, axial, and angular off -sets 

between the coupled shafts. Because of the low rates of antenna rotation, the coupling 

problem is essentially a static one. Couplers whoee accuracies deteriorate with use 

are undesirable for maintenance reasons. In order that the coupler's inaccuracy be a 

negligible contribution to the overall encoding system inaccuracy, 2 sec of a r c  (rms) 

coupling accuracy was sought. 

JPL specified miniature Thomas Flexible Couplere for all  enso or -to-encoded- 

axis coupling. Discussions with the chief engineer a t  the Thomas Flexible Coupling 

Company revealed that the coupler of the required size could tolerate 2 deg of angular 

offrset, fO. 040 in. of radial offset, and fO. 060 in. of axial offset between the two 

coupled shafts. The special deeign incorporating engaging clamps which yield a 

higher compliance than eit?ier a splfne o r  eet-screw engagement is used for each 
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system. Data supplied to the Thomas 

incomplete and questionable because of the test setup o r  technique of measurement, 

indicated that 5 eec of a r c  peak inaccuracy was a reasonable engineering figure. The 

Thomas flexible couplers in use at Goldstone a r e  shown in Fig. 1, 4, 13, 16, and 17. 

ompany by customers, although in some cases F 

A precision test fixture has been designed at JPL for evaluating coupler 

accuracy by optical techniques. 

however, data a re  not available for the present report. Provisions for introducing 

known radial axial and angular offsets by means of micrometer screws and flexures 

are being built into the test fixture. Since each encoding system including the 

mechanical couplers satisfactorily passed overall accuracy tests, tests of individual 

mechankal coupler performance were given a secondary priority. 

The machining of the test fixture is near completion; 

C .  Encoding Count Sense 

The direction of rotation of the encoding disk6 that results in an increasing 

count output is fixed by the patterns of the disks. For spares and interchangeability 

purposes, i t  was decided to have each system identical, including the pattern sense of 

each disk.  

the multipoled resolver and the precision gear train, a reversal in encoding count 

Since the cam profile is largely determined by the repeatable e r ro r s  in 

sense cannot be made after cams have been cut and installed without severe accuracy 

degradation. 

or the sense of rotation of the servo motor's rotor destroys the correspondence of 

Reversing the sense of the electrical output of the multipoled resolver 

the cam profile with the multipoled resolver's repeatable errors .  

The direction of increasing hour angle and declination for the receiving antenna 

and increasing azimuth and elevation for the transmitting antenna were established, 
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thereby dictating the sense of the angular inputs to the coordinate converter (see 

Fig. 7 for  assignment of the above senses). Only the north end of the polar axis and 

the low end of the azimuth readout axis were available for the sensors. A clockwise 

rotational drive at the input shaft of the multipoled resolver coupled to each of the 

above axes was required to cause an increasing encoded count output. It was  decided 

to mount the sensors for the declination axis i)”d the elevation axis at those ends 

which would result in the same increasing count sense. 

for all  the encoding systems, with clockwise inputs (to multipoled resolvers) 

Compensating came were cut 

representing increasing count outputs. 

Only i n  the case of the elevation axis w a s  any difficulty encountered. Power - 
servo personnel, who had believed that the zenith angle (complement of the elevation) 

would be encoded, installed the sensor housing at the incorrect end of the elevation 

axis. 

obtain the previously established elevation angle sense, the multipoled resolver w a s  

mounted on the elevation readout axis (see cutaway in Fig. 4) such that the resolver 

An increasing zenith angle corresponds to a decreasing elevation angle. To 

shaft remains stationary while the body of the resolver is rotated. This scheme 

effectively reverses the mechanical input drive. 

new cams (which will be adopted as a long-range solution) o r  purchasing new encoding 

Other alternatives such a s  cutting 

disk assemblies with reverse patterns were not adopted because of the time and cost 

involved. 
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VI. ENCODING SYSTEM ACCURACY TESTS 

A precision test fixture was  designed, machined, and assembled at JPL for 

accuracy tests of the encoding systems and the encoding disk assemblies. Machining 

and bearing tolerances are consistent with the desired abeolute measuring accuracy 

of i2 8ec of arc. The test fixture pictured in Fig. 17, 18, and 19 consists of a rotating 

table whose angular position can be set  very accurately. A spindle clamped to the 

table is dual-bearing-mounted and extends into a cylindrical housing a s  a shaft. An 

encoding disk aaeembly may be directly coupled to the shaft with the housing kept 

stationary by means of a spring-loaded torque bar which allows for radial play (Le., 

Shaft runout). With the addition of a mounting plate, a multipoled synchro resolver 

can be mounted and coupled to the spindle by means of a Thomas Flexible Coupler. 

The single-poled resolver is coupled to the multipoled resolver by means of a flexible 

coupler or one-to-one mechanical gearing. The actual sensor input drive may there- 

fore be simulated, 

A Wilde T-3 theodolite, which may be considered to be a precision transit, 

was used to measure spindle rotation. The Wilde T-3 is a direct reading device with 

no mechanical gearing. Optical techniques a r e  used to provide the coarse and 

vernier indications. The angular rotation of the telescope about an azimuth and 

elevation axis is indicated to an absolute accuracy of *tf sec of arc. 

I The T-3 waa mounted on the table of the precision test fixture. As shown in 
I 

Fig. 18, the entire wsembly w a s  placed on a rigidly mounted microflat table. 

Experienced personnel require approximately 2 to 4 hours to properly align the T-3 

with the precision test fixture and a reference target. The azimuth axis of the T-3 
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is aligned as closely as practicable with the input shaft of the multipoled resolver 

(or a directly coupled encoded disk assembly). A zero-elevation locked settiog of the 

T-3 is used throughout the test such that the optical axia of the telescope lies in a 

plane perpendicular to the azimuth axis. A fixed reference target is placed in line 

with the optical axis. The tPrget and test assembly were separated by at least 30 ft 

for each accuracy test. Total indicated runout (TXR) or radial offset between the 

azimuth axis and spindle shaft WBB 0.001 in. Thus, the 30-ft distance ensures that 

the error introrfuced by the radial offset does not exceed 0.6 sec of arc,  

In measuring an overall syatem channel accuracy, the resolvers are initially 

positioned for an all-zero count transition as indicated by the visual display. The 

telescope of the T-3 is positioned fur a O-deg reading, and the entire table 

is rotated (before the spindle ehaft and resolvers a r e  coupled) until the center of the 

target is sighted in the center of the reticle. The table is then held fixed by clamping 

a brake to a circular phosphor bronze wafer which normally rotates with the table; 

the resolvers are then coupled to the spindle shaft for  the s tar t  of an accuracy run. 

The test procedure continues as follows: 

1. The T-3 and table wsembly are rotated throughout 360 deg to 

provide a minFmum of 100 output counts (in equal increments) as 

indicated by the visual display. 

After each count output is set at the transition from the next lower 

count to the count in question, only the telescope portion of the 

T-3 is returned to the reference target. This gives an optical 

measurement of the total angle through which the input shaft of 

the multipoled resolver was rotated to give a particular output 

2, 
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count transition. The number of readings and the increments can 

be chosen arbitrarily in this psuedocollimation scheme. 

The difference between the output count transition and the angle of 

rotation indicated optically for each setting is recorded. 

3. 

Error information determined in step 3 does not include inherent quantization 

The measurements a r e  therefore confined to those inaccuracies which a r e  errors .  

theoretically removeable. The advantage of count transition measurements lies in 

the ability to repeat particular measurements for checking purposes and repeatability 

determination. Since transition regions are small fractions of a sec of arc,  coarse- 

and fine-vernier Control6 for table rotation were incorporated into the test fixture. 

All readings a r e  approached from the same direction. Having positioned the table 

to within several counts below the desired count transition, the brake described above 

is applied. Rotating the coarse- o r  fine-vernier control causes the brake to move in 

a peripheral direction (with reference to @e circular wafer). 

and hence the table, is rotated by brake motion. 

The circular wafer, 

Two lever arms with phosphor 

bronze flexures used a s  fulcrums actuate the brake assembly (mounted on flexures). 

The lever a rms  reduce the longitudinal motion of the fine-vernier knob by the ratio 

of 1:196. Rotation of the fine-vernier knob actuates a lever a rm on which is located 

(near the fulcrum) the coarse-vernier screw which is always in contact with another 

identical lever arm.  The second a r m  is actuated either by the firet lever o r  by 

rotating the coarse-vernier knob. 

of the second lever. I ts  peripheral motion (see Fig. 19) is 1/14 times the longitudinal 

motion of the coarse-vernier knob or  1:196 times the longitudinal motion of the fine- 

i 

The brake assembly is mounted near the fulcrum 
i 

vernier knob. The peripheral motion of the spindle shaft is a fraction of the brake 
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One Rotation of Table 
Decimal Quanta Vernier Knob 

assemb1y1s peripheral motion. One rotation of the coarse-vernier knob results in a 

Binary Quanta 

table rotation of 49 sec of arc. One rotation of the fine-vernier knob causes 3.5 sec 

I 

Coarse 49 

Fine 3.5 

of a r c  of table rotation. The equivalent decimal and binary channel quanta a re  

I 6 . 8  9 . 9  

0.49 0.71 

tabulated below: 

The measurements recorded in step 3 of the test procedure a r e  used to 

calculate the sample mean and r m s  about the mean as expressed as follows 

(Ref. 15, 16): 

n 

where, as defined in Section III-D, 

= kth reading of the angle represented by the encoder count output (at xks 

count transition) 

xk = kth reading of the angular position of the input shaft of the multipoled 

synchro resolver as  measured by the Wilde T-3 theodolite 
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e = the sample mean e r r o r  

S* = the m error about the sample mean error 

n = the total munber of readings (100 or greater) 

The sample mean e k o r  is the value of encoding: e r ror  about which the test 

measurements tend to cluster. It represents a system bias which can be removed by 

reindexing the channel's encoding disk assembly. The rms error ,  termed standard 

deviation in statistics (Ref. 17), it3 a measure of the dispersion of the encoding e r ro r s  

about the sample mean er ror .  

Accuracy test data for the decimal and binary channels of the elevation encoding 

system now in operation at Goldstone a r e  tabulated in Tables 1 and 2. The count 

transition increments AXk were chosen as (the equivalent of) 3.602 deg in the decimal 

channels and 2,601 counts (in binary) for the binary channels. With these increments, 

the counts on the fine-count decimal and binary disks a r e  never repeated in the 90 and 

128 revolutions, respectively, associated with 360 deg of rotation of the input shaft 

of the multipoled resolver, The significance of the digits in the e r ror ,  X b  - xk, a r e  

never greater than those emanating from the fine-counts disks. Thus the standardized 

data runs a r e  valid for even thoee systems encoding an axis about which incomplete 

antenna rotations are made. 

The distribution of errors can be illustrated by histograms for which geometric 

interpretations of eample mean and rms error  a r e  apparent. The number of 

obsemtiom (i. e., e r r o r  measurements) falling within a particular interval termed 

class interval a r e  plotted for the elevation decimal and binary channels and the 

azimuth decimal and binary channels in Fig. 20. The length of the class interval was 
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selected 88 0.002 deg for the decfmarf and the binary chiwmds. The number of 

observations, y ,  that fall within the jth-class interval satiebfes fhe inequality (Ref. 16): 

where 

f j  = jth class interval 

= midpoint of the jth-chuiie interval 
‘j 

By dividing the nuxnber of observations by the total number of readings, the 

frequency of observations (Ref. 16) in a particular interval can be determined. The 

centroid or the firet moment about the origin measured along the abscissa of e r ro r -  

distribution histograms is the sample mean; the second moment about the mean is a 

measure of sample variance (Ref. 17) S2*. Its square root S* gives an indication of 

the dispersion of errors about the mean. As stated previously, this is the rxm 

accuracy or standard deviation. For the commonly encountered normal or gaussian 

distribution (Ref. 15-17) the interval from e - S’ to e + S’ will include approxi- 

mately 68% of all the observations. The quantities X* and S* converge in probability 

(Ref. 15) to p, the mean, ando, the standard deviation, encountered in probability 

theory. 

The values of X* and S* can be used as maximum likelihood estimates of p and 0. 

respectively, for fitting a normal distribution curve to the statistical data. An X 

test can be used to apply a quantitative measure to the goodness of the fit (Ref. 16, 1 7 ) .  

The normal probability density function is completely determined by p and cr. 

2 

In the histograms showing error distribution, the ratio of the area (under the 

curve, f, e., the bars) fafling within the frms values on the abscbsa  (intervals of er ror )  
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2. 

3. 

4. 

.idication of the probability of e r r o r s  falling within the f rms  

,ding system channel, over 65% of the observations fell within 

alue, which indicates that the dispersions are similar toor  more 

3se of normal dfstributions having the same respective mean and 

1 deviation). 

to providing desired rms e r ro r  information, laboratory accuracy 

: following: 

The undesirable varied influence of cables between sensors and 

servo repeaters on repeatable system e r ro r s  making these cables 

noninterchangeable (8ee Section V). 

The problems posed by nonintegral gear trains in the servo 

repeaters. 

The negligible contribution to system e r ro r s  made by inaccuracies 

of encoding disk assemblies. 

The repeatability of each encoding system channel. 

‘or each rotation of the input shaft  of the multipoled resolver, each gear in 

xiated servo repeater does not make an integral number of revolutions. The 

*aim a r e  said to be nonintegral and present two problems. First, the cam 

2nsation is valid for only the gear train cycle for which the cam profile was 

.*mined, which requires careful mechanical indexing of the multipoled resolver, 

r train, and decimal and binary cams. Secondly, the mechanical limits of the 

.nsmitter antenna axis is such that a f540 deg of rotation is permitted. Since the 

*ofile of the compensation cam is associated with a particular gear-train cycle, 

regradation of azimuth encoding accuracy is to be expected. By extending the 
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accuracy run for the above, it was discovered that the %O 6ec of arc rms accuracy is 

met for approximately 540 deg or 3270 deg of input. Figure 2 1 is a plot of error 

distribution of the azimuth binary channel for 151 readings or approximately 540 deg 

of encoded axis rotation. Comparing this with 101 readings (360 deg), the rms 

accuracy falls from 0.004 to 0.005 deg. A sharp deterioration of accuracy was noted 

for readings beyond 151. 

practice, since the multipoled resolver can be reindexed with respect to the azimuth 

readout shaft for tracking requirements outside the desired f270-deg region. 

However, it was important to be aware of this accuracy limitation. 

This deterioration does not present a serious problem in 

Tests performed for encoding systems %ere repeated for encoding disk 

assemblies alone. Measurements in system tests were repeated for the disk 

assemblies assuming ideal coupling and ideal gearing with the encoded axis such that: 

xk = 90/Xke for decimal encoding 

Xk = 90/Xke for binary encoding 

where Xke = kth reading of the angular position of the input shaft of the encoder disk 

assembly. 

Histograms in Fig. 22 show the error  frequency distributions of a decimal and 

binary encoding disk assembly referred to the encoded axis. These two disk assem- 

blies represent the relatively least-accurate decimal and binary disk assemblies 

tested. 

binary system channels (listed below), their error contribution can be neglected, thus 

indicating that the encoding disk assemblies can be reindexed with respect to their 

input drive shaft and interchanged 'without any appreciable change in system accuracy. 

Therefore, indexing fixtures were designed and machined at JPL to enable the 

In comparing their accuracies with those of each of the respective decimal and 
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relative anguiar poeition of each set  of disks and its respective input shaft to be 

varied. An indexing fixture (Fig. 23) is installed at the mechanical input of each disk 

assembly. To achieve indexing down to least-count angles, the fixture muat be 

capable of providing angular changes as small as 0.002 deg x 90 = 0.18 deg for 

decimal, and 0.00137 deg x 128 = 0,175 deg for Mnary. 

After each optical alignment of the antennas, the disk assemblies are reindexed 

where necessary to correspond to zenith pointing angles determined optically. 

Variations in the antenna structure account €or changee in the encoded zenith angles. 

Repeatability of each channel was measured in  the laboratory to be 4 sec of 

arc or  better when readings were approached from the same direction to eliminate 

effects of backlash. 

The results of laboratory accuracy tests (static) of the systems now in 

Decimal Channel 

0.0037 

0.0040 

0.0042 

0.0026 

operation are summarized as follows: 

Binary Channel 

0.0.052 

0.0047 

0.0051 
(540 deg) 

0.0050 

. Encoded Axis 

Hour angle 

Declination 

Azimuth 

Elevation 

S', deg 
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VXI, AUXUJARY TEST EQUIPMENT 

A. Encoding Test Units 

Decimal and binary test U n i t 8  were designed and fabricated at JPL to aid Fn 

indexing, servicing, and testing the decimal and binary channels. The test unit 

senses the code combination in an associated encoding disk assembly and serves to 

provide any of the following separately: 

1. Presentation of the actual encoding disk code combination on a 

lampbank display (on = binary digit 1; off = binary 0). 

Presentation of the code combination after conversion by re l ay  

logic from a reflected to a natural code is also presented on the 

lampbank display. The decimal Presentation ie in the Datex code. 

The binary presentation is grouped by threes for octal repre- , 

s entation. 

Information for propet-ly phasing the coarse-count disks. 

Information for locating subunit faults. Since the test unit logic 

essentially duplicates the transistorized encoding logic, it can 

serve to help locate cfrcuit and component failures. 

2. 

3.  

4. 

B. Decimal Encoding Channel Test Unit  

The decimal test unit is shown in  Fig. 24. Not shown a r e  the input and output 

connectors mounted on the rear  of the test unit, The decimal encoding disk assembly 

is cabled to the input of the test unit. The output of the test unit is cabled to the tran- 

sistorized decimal logic when the entire channel is under test. The front panel 

controls are: 
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1. 

2. Test-operate, toggle switch. 

3. Decimal degree (presentation), disk pattern, lever switch.  

4. Coarse-disk indexing, toggle switch. 

Ac power on-off, toggle switch. 

With the test-operate switch i n  the "test" position and ac power on, the test 

unit's circuitry is connected to the encoding disks' brushes. In the "operate" position, 

the test unit's circuitry is bypassed, and the encoding disks' output is fed directly 

through the test unit to the transistorized logic. 

lent to a short run of cable. 

the disks' output is passed on to the transistorized logic (operate). 

presentation is compared with that of the transistorized logic, thus aiding in fault 

The test unit in this case is equiva- , 

Having determined the encoding disks' setting (test), 

The test unit's 

location (i. e. , in disk assembly or transistorized logic). 

For the  remainder of the discussion, it is assumed that the "test-operate" 

switch is in the ''test" position with ac power on. 

Controls 3 and 4 a r e  spring-loaded such that the true decimal degree setting 

is normally displayed by t h e  lamps i n  Datex code. A self-contained power supply 

provides power for the relays (log@) and lamps. By depressing the lever switch, the 

relay logic is removed from the test unit circuitry, and the actual disk pattern is 

displayed. 

of the two sets of coarse disks can be checked o r  adjusted (as wil l  be explained later 

in this section). 

By holding the coarse-disk indexing switch in the up position, the phasing 

A schematic diagram of the decimal encoding channel test unit appears in Fig. 

The derivation of logical expressions with minimization techniques employed and 25. 
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their implementation with relay logic will  be examined. The schematic symbol in  

Fig. 25 for relay contacts was chosen to aid in wiring the relay circuits. However, 

in logic diagrams, the following symbols (Ref .  11) a r e  used for simplicity. 

f, 
-I- 
f, 
T 

3 contacts normally open 

contacts normally closed 

transfer contacts 

Referring to Section VA, the least-significant decimal digit is 8 ' s  comple- 

mented when the A and C bits of the three-bit Datex code a re  interchanged. For odd 

next-higher -order decimal digits, the least -significant digit is 8's  complemented. 

The table of combinations (truth table) satisfying the required logic is shown below: 

2nd-Least -Significant Digit 8 Is Complement Required 

Decimal 

0 
1 
2 
3 

* 4  
5 
6 
7 
8 
9 

Datex Code 
A2 B2 c 2  D2 

1 0 0 0  
1 1 0 0  
0 1 0 0  
0 1 1 0  
0 0 1 0  
0 0 1 1  
0 1 1 1  
0 1 0 1  
1 1 0 1  
1 0 0 1  _-- 

3Relay coil is de-energized. 

(1 - true, 0 - false) 

0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
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Plotting the table of combinations on a Veitch diagram (Ref. 9) for minimiza- 

tion of the standard sum form (Ref. 11) gives: 

U 
CZ 8 

0 

Designating W as the simplified Boolean expression yields: 

lD2 
fi represents optional states 

(forbidden combinations) used 

to enhance simplification (Ref. 11) 

Factoring W results in a logical expression which requires fewer relay contacts in 

this implementation. 

The following relay contact circuit satisfies this expression: 
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DP 

A short appears between terminals 1 and 2 only when the states of the A, B, C, D 

relays (associated with the second-lea&-eignificamt digit) are such that they represent 

an odd decimal digit. 

Further simplifications can be made by combining contacts (normally open 

and closed) of the same relay into transfer contacts, thus reducing the number of 

contact springe used in each case from 4 to 3. Interchanging the B and 5 contacts in 

the upper path permits the 5 and D contacts to combine into a transfer set. Also 

expanding A2 + C2 about A2 by Shannon's expansion formula (Ref. 11) enables the 

formation of transfer contacts for A2 and x2 and also C2 and ea. 
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TERMINAL 

1- 

s 

TERMINAL 

-2 

- 
Combining the two A2 contacts into one set results in the final simplification. 

66 



JPL Technical Memorandum No. 33-25 

0 
1 
2 
3 
4 

A voltage applied at terminal 1 appears at 2 in accordance with the table of 

1 0 0 0  0 0 
1 1 0 0  0 1 
0 1 0 0  0 0 
0 1 1 0  0 1 
0 0 1 0  0 0 

combinations. The contacts of a relay mil placed between 2 and ground a r e  used to 

reverse the A and C Unes when energlzed. This circuit is shown in Fig. 25 

The second-least-significant digit ie 9's complemented when the third-least- 

significant digit 0. e., next-higher-order digit) is odd. In minimizing the logic to 

satisfy the 9's complementing requirement, a Veitch diagram for 5 variable entries 

is needed. The same procedure is adopted, starting with a table of combinations. 

Third - Least -Significant Digit 
I 1 I 

Datex Code 1 D2,R D2 
Decimal 

0 0 1 1  
0 1 1 1  
0 1 0 1  
1 1 0 1  
1 0 0 1  

0 1 
0 0 
0 1 
0 0 
0 1 

D2,R D2 

1 1 
1 0 
1 1 
1 0 
1 1 
1 0 
1 1 
1 0 
1 1 
1 0 

The D bit of the representation of the second-least-significant digit in reflected deci- 

mal is D2 R. The D bit of the representation of the second-least-significant digit i n  
I 

2 , R  is true decimal (deg) is D2. As  shown in the above table of combinations,D 

inverted when the third-least-significant digit is odd. Inversion of a D bit results in  

the 9's complementation of the digit in question. Mapping the standard sum terms on 

a Veitch diagram follows: 
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A factored simplified logical expression of the 5 variable mapping ie: 

E3y the judicious use of Shannon's expansion formula (standard sum form) and the 

combining of redundant contacts, further simpllfications are made resulting in the 

use of a minimum number of relay contact springs. Following is a minimum relay 

logic circuit for the given table of combinations. 

A3 D2, R 
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Terminal 1 w i l l  be connected to point U in the circuit when D2 R is to be 

inverted. ?f D2, 

appears between 1 azLd 1.  Voltage applied to terminal 1 and ground w i l l  light the D2 

lamp connected from t e r m 1  2 to ground. 

fa a binary 0,  s2* contacts are closed, and a short circuit 

- 
If D2, is a binary 1, D2, contacts are 

open, resulting in an open circuit between 1 and 2.  Therefore, the D2 lamp w i l l  not 

be illuminated. In summarizing, odd third-least-signi€kant digits give r i se  to DZ,R 

inversions which becomes D2 as tabulated: 

D2, R n2 

0 1 
1 0 

4 
Terminal 1 will  be connected to point V when D2, is not to be inverted. In 

this case, D2, 

digit dictates no 9 's  complementation). 

and D2 will  then be identical (i. e. , an even third-least-significant 

Complete logic implementation for the second-least -significant digit is shown 

The derivation of 9's complementing logic for the second-highest- i n  Fig. 25 

significant digit is left for the interested reeder. (Note that since the highest si@- 

ficant digit never exceeds a decimal 3, a D6 relay is not used.) 

The lead-& common selection of the coarse-count encoder disks is deter- 

mined by the D bit of the highest significant digit of the next-higher-speed encoder 
I 

I 

1 disk (associated with the next-tower-order digit or  digits). The leading (or lagging) 

disks' common brush is placed at a dc potential in accordance with the rules given in 

Section V-82. Diodes placed in series with code sensing brushes of leading and 

laggfng disks isolate the leading and lagging disks of a given set having the same 
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common lead. If the coarse-count disks a re  properly phased or indexed with respect to 

a physically adjacent higher-speed disk, correct lead-lag selection takes place. The 

optimum offset of each coarse disk, as  indicated in Section V-A2, is t 114 (lea- 

or - 1/4 (lagging) of i ts  least count. To check or adjust the indexing of a coarse- 

count ti€& setting with respect to the adjacent higher-speed disk, the test unit may be 

used. As an example, assume that the firat coarse-count disks are to be checked for 

indexing. 

deg (i 114 count) or a 0.750 deg (- 1/4 .COLI&) reading an the fine-count disk. 

Referring to Fig. 24, the following procedure is recommended. 

The i 1/4 of the first coarse-count disk's least count is equal to a 0.250 

1. Obtain a 750 setting for the three least-significant digits in true 

decimal. The reading of higher significant digits is immaterial. 

2. Hold the coarse-count disk indexing switch in the up position. 

3. By varying the setting in step 1 from 650 to 850, a transition 

should appear in one of the bits (i. e. , lamps) associated with the 

first coarse-count disks. 

tolerance. The transition is a result of lead selection. 

Step 3 is repeated for a 150 to 350 setting variation in true decimal 

of the three least-significant digits. A transition due to lag selec- 

tion should appear in one of the bits associated with the first eoarse- 

count disks. 

ranges, the housing of the f i rs t  coarse-count disks must be rotated 

with respect to the housing of the fine count disk. 

The 200-count variation is an allowable 

4. 

Should the transition not appear in the specified 
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B. Binary Encoding Channel Test Unit 

The operation and use of the binary test unit are the same as for the 

decimal test unit. Figure 26 is a photographof the binaryencodhg channel test unit. 

The front panel controls are similar to the decimal test unit. Eighteen hits of binary , 

are represented by on-off states of eighteen lamps grouped by threes for octal pre- 

sentation (see Appendix A). 

In the test mode, the binary test unit converts the reflected binary represen- 

tation on the fine-count disk to a true binary indication. Relay logic shown in the 

schematic of the test unit, Fig. 27, is used to "exclusive or" the n binary bit with the 

n- 1 reflected binary bit. 8 

For checking the coarse-count disk-indexing, the + 1/4 count offset is equiva- 

lent to a 512 fine count in binary and the - 1/4 count is equivalent to 2048 minus 512 

o r  1536 counts in binary. A SOO-count variation for the above is a practical toler- 

ance jn the lead-lag select transition region. 

C. Encoding Disk Assembly Test Table 

Since the antennas a re  not always available in the field, a means of using 

' spare encoding disk assemblies for generating specific angles 18 convenient for test 

purposes. Test tables such as that shown in Fig. 27 were  designed and machined at 

JPL for mounting spare encoding disk assemblies. Precision control of the angular 

q setting of the disks is similar to that incorporated into the precision test fixtures. A 

I 
i 

lever a r m  utilizing a phosphor bronze flexure as a fulcrum is used to actuate a brake 

clamped to a circular wafer. The circular wafer in turn is rotated through angles 

which are a small fraction of the 0.18 and 0.175 deg of rotation required for a 

decimal and a binary count change, respectively. 
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Fig.  2. Local hour angle and declination of a spacial point 
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NORTH CELESTIAL POLE 
P 

9, 
SOUTH CELESTIAL POLE 

Fig,  3 .  Observed position of a s t a r  in the equatorial system 
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Fig. 6.  Contours of constant LHA, 6 ,  and Az-E1 Goldstone antenna angles 
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Fig. 7. Measurements of local hour angle, declination, 
azimuth, and elevation 
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4 

Fig. 13. Multipoled and single-poled resolvers 
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Fig. 14. Servo repeater gearing 
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Fig. 15.  Servo repeater and disk assemblies 
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Fig. 16. Coupling assembly 
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Fig. 17. Accuracy  test  s e t q ~  
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Fig. 18. Precision test fixture 
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INTERVAL Of ELEVATION BINARY ERROR. d q  INTERVAL OF AZIMUTH DECIMAL ERROR, dag 

Fig. 20. Distribution of encoding errors for azimuth and elevation axes 
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INTERVAL Of AZIYVTH BPURY ERROR, dag FOR 151 OBSERVATIONS (540 d.p) 

a 

Fig. 21. Error  distribution of azimuth 
binary channel (for 540 deg) 

Fig. 22. Distribution of encoding disk assembly errors 
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Fig. 23.  Indexing fixture 
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25. Decimal encoding channel test unit ,  schematic diagram 
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Fig. 28. Test table for encoding disk assembly 
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APPENDIX A 

POSITIONAL NUMBERING SYSTEMS 

Positional numbering systems make use  of symbols (digits) to represent 

a number. 

digit. 

left has a value that is 100 times that of the 6 on the right. 

evaluated by: 

The weight associated with the digit is specified by the position of the 

For example, in the number 636 in the familiar decimal system, the 6 on the 

In general, a number'is 

. alao. a - l . .  . a  = N -k 

When dealing with whole numbe,rs, negative powers and associated coefficients (at the 

right of the base point) wi l l  not appear. 

sentation is commonly used  since the base point i s  f ixed and therefore can be under- 

stood. 

In angular encoding, whole number repre- 

The a's  a re  the digits (whole number units) such that ; 

where fi  is the base (OF radix). 

of 10. 

For example, the decimal number system has a base 

The digits for representing any decimal number a r e  0, 1 ,2 , .  . . , 9 (ten i n  all). 

1 The number 636 equals 6 x l o 2  + 3 x 10 + 6 x 10' or 600 t 30 + 6 .  

In engineering, two-state devices such as relays (energized o r  de-energized), 

switches (on-off), vacuum tubes (conducting or  nonconducting), and transistors (high- 
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current, low-current output) a r e  highly reliable. 

the preaence of m e  of two diets. 

These devices are used to denote 

I 

The poeitioual numbering syatem comprised of combinations of two digits 

(0  and 1) has a base (or radix) of 2. 

Binary dfgits a re  commonly referred to as bits or binits (which are contractions). 

The base 2 is the smallest practicable base i n  a positional numbering system. 

This is known as the binary numbering systemE 

Conversion to Base 10 

The decimal equivalent of the binary number 1101012 is: 

0 1 x 2 5 +  1 2 4 ,  o x  z 3 +  1 22 + o 2 1  + 1 2 

= 32 + 16 + 0 + 4 + 0 + 1 = 5310 

This same procedure can be used to convert the number of any base to the base 10. 

For example, the octal number (i. e . ,  base 8) 10572* is equal to 

0 1 x 84 + 0 x 83 + 5 x 82 + 7 x 8 + 2 x 8 

= 4096 + 0 + 320 + 56 t 2 = 447410 

For amall bases, synthetic division can be used to advantage (Ref, 18) for conversion 

to base 10. 

appeal to the remainder theorem in algebra. 

coefficients of a polynomial in x written as 

Instead of evaluating each term in  the equivalent polynomial, one may 
I 

The number llOIOlz appearing as 

1 
P(X)  = x 5 + x4 + x 2 + 1 

for x = 2 equals the remainder when it is divided by x - 2. 
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2J1 1 0  1 0  1 

2 6 12 26 52 

1 3 6 13  26 53 
0 

A s  shown earlier, the remainder, 53, i s  the decimal equivalent of 1101Ol2. 

general , 

In 

where 

P (x) is a polynomial in x 

x - fl is a linear factor 

Q (x) is the quotient (polynomial in x) 

r (x) is the remainder (polynomial in x) 

P (x) = Q (x) (x - 8) + r (XI 

P ( 8 )  = r ( p )  as  stated above 
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Conversion from One Base toAnother (Ref. 1, 18) 

Let 

~ = a p " + a  sn- 1 +. . . +  alp1 + ao8 0 
n n- 1 

= b ym + b y m - l  +. . . + blyl + boy 0 
m m- 1 

where y is the new base and m in general does not equal n. 

Dividing both expressions for  N by y 

p- 1. +. . .+  alp1 + aop 0 
a P" + an-1 n 

Y 

= b ym-l  + b ym-2 +. . . +  b + - 
m m- 1 1 Y 

m-l  + b Note that b y 
m m- 1 

bo/y, is a fraction (b c y ) .  

divided by y,and b in  the remainder b / y  is the least-significant digit of N in the new 

base 7. By dividing I by y, b is found in a like manner: 

ym-2 +. . . + b = I is an  integer and the remainder,  

Therefore, I represents  the f i r s t  m t e rms  of N (y) 

1 0  

0 0 

0 0 

0 1 

m-2 bl Io - - -  b,Y Y + b ym'3 + . .  . +  b2 + - ' Y  m- 1 

Repeated divisions by y yield b b b and b in that o rder .  
2: 3 ' .  . . '  m- 1 m 
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For example, converting 5310 to a number in base 2 yields. 

53 1 - = 26 + - least-significantdist 

26 

I 
I 
I 

2 2 I .  

0 13 + - 
2 2 

13 1 
2 2 

0 
2 2 

1 
2 2 

1 o + -  1 
2 2 

- =  

- =  6 + -  

- -  6 -  3 + -  

- -  3 -  6 + -  

- =  

Therefore, 53 = 1101Ol2 
10 

Converting 4474 to a number in base 8 yields 10 

4474 - 559 + - 2 - -  
8 8 

7 
69 + - 559 - - -  

8 a 

6 9 =  a + -  5 

s =  1 + -  

E =  o + g  

8 8 

0 
8 8 

1 1 

Therefore, 447410 = 105728'. These two examples illustrate conversion of a decimal 

number to another base. The same algorithm applies for converting a 

any base to any other baee. 

from which the number is to be converted. 

However, the division must be performed 

number from 

in the base 

I 
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Comparison of Bases 

Each digit position which forms a number in a particular base B can be filled 

@ different ways. The digits are 0,1,. . . , 8-1 or B total. For n digit positions, each 

of .which can be filled j3 different wayo, a total of pn different numbers can be formed. 

For e-le, three digit positions in base ten can form 10, or 1000 numbers (i. e . ,  

0.1,. . . , 99). 

number. 

digits positions required in a binary number to equal the maximum number n digits 

3 

The higher the base, the fewer digit positions needed to express a 

Consider 5310 * l l01Ol2.  A quantitative comparison of the number of 

can form in a decimal follows: 

2 9  2 10" 

That is, q digit positions in base 2 must be used to form as many or more numbers 

thann digits in base 10 

q log 2 Z n log 10 = n 

q .& 3.32 n 

For n = 2 
Y 

10n-l h 99 (maximurn base 10 number) 

q = 3 . 3 2  x 2 or 7 (nearest higher integer) 
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Hence 7 binary digits a r e  required to represent 9gl0. 

state (stable) devices which a re  reliable are numerous. Though a base 10 number 

requires lese than one-third the number of digits required by a bse  2 number, ten 

As mentioned previously, two- 

* 

stable states as opposed to two would be required of a physical device to represent 

decimal numbers. 

bistable devices, the base 2 or binary is the most efficient (Ref. 19). 

Since practical considerations dictate the use of two-state or 
I 

All possible 

combinations of the two states of each bistable device a re  utilized. Using these 

bistable devices to code indvidual digits of other baseB results in  unused combinations. 

To realize ten combinations, four digit positions a re  necessary. Since, 

three bits yield only 8 combinations and four give 16. 

Decimal 
Number 

Binary Representation 

2 2 2 2  3 2 1 0  

0 0 0 0  

0 0 0 1  

0 0 1 0  

0 0 1 1  

0 1 0 0  

0 1 0 1  

0 1 1 0  

0 1 1 1  

1 0 0 0  

, 

9 1 0 0 1  
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Binary Representation 

3 2 1 0  2 2 2 2  

six unused combinations: 1 0 1 0  

1 0 1 1  

1 1 0 0  

1 1 0 1  

1 1 1 0  

1 1 1 1  

Binary, Octal, and Binary-Coded Decimal Numbering Systems. 

In computers, where memory capacity is a constraint, binary representations , 

and arithmetic operations are invariably adopted. For n digit positions, a total of 2" 

different numbers can be represented. Because of the many digit positions associated 

with binary representations of decimal numbers, monitoring binary numbers by a n  

operator is most difficult. The octal system (base 8) which has a base that is a 

power of 2 is used to monitor binary numbers by 3-bit grouping. The digits in  a n  

octal system are 0, 1, . . . , 7. The octal number, cn, cn - 1' .  . . , c l ,  co, form 

appears  as: 

c 8 n + c n  - 1 +. . .+  c1 8 1 + eo 8 0 
n - 1  

The octal digits are the coefficients which never exceed 7. 

can be written as: 

The last term,  therefore, 

= c 8' 0 
2 1 0 b 2 2  + b 1 2  t b o 2  
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The coefficients a r e  binary digits and can be used in combination to represent octal 

digits from 0 through 7,  hence co. Also, 

4 1 b5 z5 + b4 2 + b3 Z3 = c 1  8 

These binary digits (weighted a s  shown) can represent all octal digits (with a x8 

weight). This fact can be extended for all the octal coefficients and their weights. 

The conversion of a binary number to its equivalent octal can be done by 

inspection, whereas it is difficult to find its equivalent decimal value. 

memorized binary equivalents of 0 through 7, one may derive the octal representation 

of a binary number such a s  10 11 11 100 10 as follows: 

After having 

' ~O~lO/lll/llO/OlO (base 2) 

= 2 7 6 2 (base81 

This usually serves as the intermediate step for binary-to-decimal conversion. 

A s  previously discussed, binary digits can be used to represent digits of 

other bases. 

of 16 combinations taken 10 at  a time or 

Four-bit representations of the 10 decimal digits a r e  the permutations ' 

- 2.9 x loro - 16.' _ - -  16p = IS! 
10 (16-lo)! 61 

7 As shown i n  Ref. 20, the essentially different codes total 7. 6 x 10 , and, of these, 

there a r e  only 225 possible fixed-weight codes. In a fixed-weight code, the weight of 
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a bit always corresponds to i ts  position. 

of ease of interpretation and computation. The 8-4-2-1 (2 , 2 , 2 , 2 ) group 

previously discussed is the only group in  which every decimal d i e t  representation is 

The fixed-weight codes have the advantage 

3 2 1 0  

unique. In a 4-2-2-1 group, for example, only 8 and 9 have unique representations. I 
I 

This group can therefore be used for 32 different decimal digit codes. 
~ 

I In data handling, information is processed in digital form. Decimal outputs 
~ 

for monitoring and permanent storage purposes a r e  very often required. The cost of I 

conversion of binary to decimal can more than offset the saving in storage elements 

allowed by the use of binary representations. Binary-coded-decimal representations . 

are, therefore, often utilized in data handling systems. The conversion of BCD to 

decimal is simple in te rms  of mechanization (Ref. 1). Both a r e  base 10 positional 

numbering systems. On the other hand, conversion between bases, such as binary 

to BCD and BCD to binary, is not as simple, although ingenious schemes have been 

devised (Ref. 21). 

BCD form, especially when an operator is involved. 

Similar arguments hold for the insertion of data i n  decimal or 

2 1 0  Assigning the 8-4-2-1 weights ( Z 3 ,  2 , 2 , 2 ) to the binary representations 

of decimal digits enables one to convert easily to decimal mentally. For example, 

(1001 0101 0110 O O 1 l ) l o  is the BCD (8-4-2-1) equivalent af 956310. I 
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APPENDIX B 

JPL SPECIFICATION NO. 6044-A 

1. SCOPE 

1.1 Scope. This specification covers the design requirements for the manu- 

facture of electromechanical equipment designated Angular Encoding System. 

1 . 2  Application. The equipment described by this specification is designed 

to provide a digital representation of the angular position of an axis of the trans- 

mitting or receiving antenna operating at the JPL Goldstone Site, Camp Irwin, near 

Barstow. California. 

2. APPLICABLE DOCUMENTS 

2. 1 The following documents, of the issue i n  effect on date of invitation for 

bids, form a part of this specification: 

SPECIFICATIONS 

Military 

Mil-*T-152 Treatment, moisture-and-fungus-resistant, of 

communications, electronic and associated electrical 

equipment. 

Mil-(2-490 
8 Cleaning and preparation of ferrous and zinc-coated 

surfaces for protective coatings. 

Mil - E - 5 2 7 2 Envir omental  testing, aeronautic a1 and associated 

equipment, general specification for. 

Mil -P- 6 8 89 Primer; zinc, aircraft use. 

Mil-T-10472 Finishes for ground equipment. 

Mil-E-15090 Enamel, equipment, light gray (Formula No. 11). 

1 f l  
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' Jet  Propulsion Laboratory 

20016 Worknanship requirements for electronic equipment, 

general specification. 

20018 Cable assemblies , fabrication of , general specification. 

2. 2 Other public'ations. The following documents form a part of this 

specification to the extent specified herein. 

effect on date of invitation for bids shall apply. 

Unless otherwise indicated, the issue in  

Catalogue for Gray Paint,  Code 530-4023, Cardinal Industrial 

Finishes, 11015 E. Rust Street, El Monte, California 
4 

3 .  1 Materials. The materials, parts, and mechanical assemblies used i n  

construction of the angular encoding system, but not specified in detail, shall be of 

a quality consistent wi th  the proposed use and specified performance of the system. 

Where there is any doubt as to the proper use of any material, part, or mechanical 

assembly, such matters shall be referred to the JPL cognizant engineer for decision. 

3. 1. 1 Protective treatment. Where materials used a r e  subject to dete- 

rioration when exposed to climatic and environmental conditions likely to occur 

during service usage, they shall be protected against such deterioration in a manner 

that wil l  in no way prevent compliance with the performance requirements of this 

specification. The use of any protective coating that w i l l  crack, chip, o r  scale with 

age or' extremes of environment shall be avoided. 

3. 1. 2 Fungus, Materials which  are not nutrients for  fungus shall be used to 

the greatest extent practicable. Where it is necessary to use nutrient materials, they 

shall be suitably sealed or protected, and their use  shall be subject to apprsval by the 

J P L  cognizant engineer 
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3.2 Design. The detailed mechanical and electrical design of the angular 

encoding system shall be the responsibility of the Contractor, subject to the 

requirements of this specification. 

detailed only to the extent considered necessary to obtain the desired mechanical * 

and electrical characteristics and performance. 

The requirements of this specification are 

3.2. 1 Design change. Any change from the requirements of this specification 

o r  drawings referenced herein shall receive prior approval by JPL before incorpora- 

tion in  production. 

3.2.2 Interchangeabilitx. All encoding system parts and assemblies which 
f 

are removable or  replaceable and have the same manufacturer's part number shall be 

directly and completely interchangeable with respect to installation and performance 

except for compensation cams and multipoled synchro resolvers. 

3.2.3 Convenience. Each assembly forming a part of the angular encoding 

system shall provide easy and ready access to its interior parts, terminals, and 

wiring for complete circuit checking and for the removal and replacement of parts. 

As a general rule it will  not be acceptable to displace, or remove w i r e s ,  cables, 

par ts  or assemblies in order to gain access to terminals, soldered connections, 

mounting screws and the l ike.  Where i t  is not practicable to avoid such construction, 

tbose parts which must be displaced o r  removed shall be so designed, mounted, and 

otherwise arranged as to facilitate their displacement or removal when necessary. 

When in the process of checking or  removing a part it is necessary to displace some 

other part, the latter, wherever practicable, shall be so wired and mounted that it 

can be moved sufficiently without disconnection from i ts  circuit. 
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3 . 2 . 4  Interference. The encoding system shall incorporate maximum 

practicable protection from the effects of electrical and radio frequency noise'and 

interference signals, and have provisions against the generation of undesired signals 

which might adversely affect other equipment9 operating in  the same vicinity. 0 

3 . 2 . 5  Moisture pockets. 

are no pockets, wells, traps, and the like in  which water and condensed moisture can 

The equipment shall be constructed BO that there 

. collect when the equipment is in normal operating position. If this is not practicable, 

means shall be provided for draining the water from the pockets. 

3. 2.  6 Cooling. Adequate means shall be employed to maintain parts within 

their maximum permissible operating temperature under all operating conditions. 

3.2.7 Safety of personnel. The design of the angular encoding sygtem shall 

be such as to provide maximum convenience and safety to personnel i n  installing, 

operating, and maintaining the equipment. 

prevent perbonnel from accidentally coming in contact with voltages in excess of 40 

Satisfactory provision shall be made to 

volts 

3 . 3  Units. The angular encoding system shall comprise a sensor, a servo 

follow-up unit, two digital encoding disk assemblies, logic units, and visual display 

Ir equipment. 

3. 4 Details of units. The principal units of the angular encoding system shall 

be designed within the following performance and product characteristics. 

3.4. 1 Sensor. A 27-pole synchro resolver developed by the Bell Telephone 

Laboratories and manufactured by the Clifton Precision Products Co., Inc., shall be 

directly coupled to the antenna axis to sense antenna rotation about that axis. A 
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single-pole synchro resolver shall also be coupled to the same antenna axis to provfde 

nanambibfuous, coarse positional information. The multipoled synchro resolver is a 

precision transducer which functionally behaves l ike a geared-up synchro resolver. 8 

The angular output in electrical form is a multiple (27 to 1) of the sensed mecbnicaf 

input and is derived electrically. 

3 . 4 . 2  Servo follow-up. A servo-follow unit shall be located i n  a building 

approximately 100 ft (in terms of cable run) from the synchro resolvers which serve 

to provide electrical gearing power which wi l l  result in a servo output shaft rotation 

27 times that of the input shaft rotation (antenna axis). In addition to feedback pro- 

portional to the output shaft position, inertial damping proportional to the output 

shaft's angular acceleration shall be incorporated in  the servo follow-up. The 

maximum angular velocity of the input shaft.(antenna axis) wi l l  be 4"/sec. The 

2 maximum angular acceleration of the input s h a f t  (antenna axis )  wil l  be 5"/sec  . 

3 . 4 .  3 Digital encoder disk assemblies. Geared to the output shaft of the 

servo follow-up shall be two digital encoder d i sk  assemblies. For one revolution of 

an axis of the antenna, one disk assembly shall provide a 180, 000 output count while 

the other shall provide a 262,144 output count. Cyclic code patterns or nonambiguous 

logic shall be used to reduce count.ambiguity to f 1 count in the region of count 

transition. The 180,000 count disk-assembly shall be coded in cyclic decimal and the 

262,144 count (218) disk assembly shall be coded in cyclic binary. Nickel, rhodium, 

and gold plating shall be used i n  the conducting segments of the disk pattern. Compen- 

sation cams shall be'provided to reduce the effects of fixed system e r ro r s .  The 

1 1 5  
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housing and brushes of the high count disk of each assembly shall be made to undergo 

angular positional changes proportional to the compensation cam profile. . .  

3 . 4 . 4  Logic. Transistorized lo@c shall be provided for each encoder disk 

assembly. The logic associated with a cyclic decimal input shall provide decimal and 

binary-coded-decimal outputs. The logic associated with a cyclic binary input shall 

provide a binary output. 

3 . 4 . 4 . 1  Readout command and readout command rates. Upon the receipt of . 
a readout command (interrogation signal) consisting of a -16 volt dc level of a 25- 

microsec duration (or greater), the logic will follow the output of an associated disk . 

assembly for the duration of the readout command. For the subsequent 110 microsec, . 
the logic wil l  cease to follow the disk assembly output, thus providing transistor 

settling time. After 135 microsec, the stored angular data shall be available for 

readout. Angular data shall remain stored until the next readout command (interro- 

gation signal). The readout command rates wi l l  be a s  follows: 

(a) Decimal Encoding 

No greater than one (I)  readout command per sec. 

(b) Binary Encoding 

No greater than 1024 readout commands per sec. 

3 . 4 .  4 . 2  Logic outputs. Outputs of the logic units shall be a s  follows: 

3 . 4 . 4 . 2 .  1 Decimal encoding. 

(a) One (1) binary-coded-decimal output (four wires pe'r digit plus a shared 
d 

common) shall be provided. Nominal levels for binary representations 

shall be either of two sets. 
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Binary representation Nominal voltage level 

True (1) -6 v -13 v 

False ( 0 )  -0 v -23 v 

The logic shall be capable of providing either of the two sets of voltage levels.' 

Reference levels where needed will be supplied externa 

decimal output shall be capable of representing angular 

359998 deg i n  increments of 000002 deg. 

ly. The binary-coded- 

data varying from 000000 to 

(b) One (1) decimal output (ten wires per digit plus a shared common)shall be 

provided to drive an Industrial Electronic Engineers type in-Line lamp . 

bank for visual display purposes. The lamp bank assembly shall be 

provided by the Contractor. The decimal degree representation shall be 

capable of varying from 000000 to 359998 deg in 000002 deg increments. 

3 . 4 .  4 . 2 . 2  Binary encoding. One (1) binary output (one wire per. digit plus a 

shared common) shall be provided. Voltage levels for binary representations shall be: 

Binary representation Voltage level 

True (1) - ( I .  5 v o r  greater) 

False ( 0 )  0 f 0 . 5 v  

The binary output shall be capable of representing a count from 000000 to 262,143 i n  

00000 1 increments. 
* 

3 .  4 . 4 .  2. 3 Future logic output capability. Provisions &hall be included in the 
' 

lope associated with decimal encoding to enable the output increment to be halved 

(i. e. ,  double the resolution). By changing modular logic boards associated with the 
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least-significant digit (together with the pattern on the high count disk, the disk 

assembly, and its step-up drive ratio), output capability for decimal encoding shall 

be 000000 to 359999 deg an 000001 deg increments. 

3 . 4 . 4 . 3  Modular logic board layout. The modulsr logic board layout shall be 

such that it results in accessibility to the individual boards from the front or the face 

of the rack mounted logic. 

unit. 

Two extension test boards shall be provided for each logic 

c 

3.5 Performance. The accuracy requirement of the encoding system shall be 

20  sec of arc rms, or better. The design accuracy goal shall be 10 see of a rc  rms, 

o r  better. This includes the effects of the sensor, servo follow-up, and encoder disk 

assembly. The logic shall convert the digital cyclic input count to the required out- 

puts (see 3 .4 .4 .2 )  without introducing any error.  The above accuracy shall apply for . . 

antenna angular rates not exceeding one deg per sec. 

3.6 Fabrication. The Contractor shall fabricate or supply hardware for 

mounting and packaging the servo follow-up and encoding disk assemblies. Precision 

gearing for the servo follow-up output shall be provided by the Contractor. The 

Contractor shall fabricate or supply hardware for mounting, coupling, and packaging 

the synchro resolvers at the polar and declination shafts of the receiving antenna. 

Dimensioned mechanical drawings of allocated mounting space for the resolvers and 

their coupling will  be furnished by JPL. 

3.6. i Miniature, Style CB with engaging clamps, Thomas Couplers manu- 

factured by the Thomas Flexible Coupling Co. # Warren, Pennsylvania, shall be used 
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* 
thraugbtzt. 

coupler shaU not exceed 0 . 0 2 8  in. 

Lateral misalignment of shafts to be coupled by means of 0 Thomas 
t" 

3.6 .2  The housing and coupl i~g for the s p c h r o  resolvers at the transmitter 

The ante- wifl be supplied by the Blaw-Knox Company, Pittsburgh, Pennsylvania. . 

Contractor shall be responsible for supplying hardware to mount the synchro resolvers 

at the transmitter antenna. 

I 3.7 Cabling. A l l  interconnecting cabling between units, including the sensor, 

servo follow-up, encoder disk assembly and logic shall be supplied by the Contractor. 

The Contractor shall also supply cabling to accommodate the outputs of the logic and 

to furnish primary input power to the above units where required. All cable 

assemblies shall be fabricated in  accordance with J P L  Specification No. 20018. 

3 . 8  Connectors. The Contractor shall supply all connectors. The following 

types shall be used for interconnection cabling: 

Function Manufacturer Tspe 
Sensor signal and power Amphenol 89-228-16P 

80-128-16s 
Servo and logic primary power Cannon, Amphenol, AN-3 102-E- 14s-6P 

or Ekndix AN-3106-E- 14s-6s  

Servo and logic signal 

Logic interrogation a i e l  

Consolidated Elec tro - Multi -contact 
dynamics (CEC) Series 500-C 

BNC UG-290/U 
UG- 8 8 / U .  

3 . 8 .  1 . Special tools required for mating Type CEC connectors with conductors 

shall be purchased by the Contractor and supplied to JPL upon completion of the 

contract . * 
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3. 9 Primary power. The following primary ac voltages will be available a t  

each antenna site: 

120 v f 10% at 60 f 0.5 CPB 

120 v f 10% at 400'f 2.5 cps 

3. 10 Racks and installation. Standard racks will  be available for the logic 

associated with the axes  of the receiving antenna. 

supplied by the Contractor. 

antenna shall be Model FC1-24V-77-P (cooling fans included) manufactured by: 

All  other equipment racks shall bb 

The racks for the logic associated with the transmitting 

Western Devices, 600 N. Florence Avenue, Inglewood, California. 

W 3.10.1 Panels. Blank racks panels where needed shall be supplied by the 

Contractor. c 
3.10.2 Servo follow-up units. Industrial type racks shall be used to house the 

servo follow-up units, 

3. 10. 3 Rack finishing. Racks shall be finished with gray paint Code 530-4023, 

manufactured by: Cardinal Industrial Finishes, 11015 East Rush Street, El Monte, 

California, or Formula No. 11 - light gray, equipment enamel, Mil-E-15090. 

3. 11 Special tools. Any nonstandard tools required for operation or 

maintenance of the angular encoding system shall be furnished by the Contractor with 

each equipment. 

3.12 Environmental and service conditions. The angular encoding system 

shall be so designed and constructed that no fixed part or assembly shall become 
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loose, no movable part shall become undesirably free in operation, and no degra- 

dation of performance shall be caused when subjected to the following ambient 

conditions: 
4 

Temperature -25 to 135°F (sensor, servo follow-up and disk assembly) 

25 to 135OF (other) 

Humidity 0:o to 95% 

A1 ti tude 

Transportation 

0 to 5000 ft 

When nonoperating and packed for shipment, and subject 'to 

the rigors of air freight, railroad, o r  trucking, the equip- 

ment shall function properly upon reaching its destination. 

3. 12. 1 The logic uni ts  w i l l  be housed i n  a temperature-controlled building. 

The disk assembly wil l  be housed i n  a n  enclosed shelter wbch  is not temperature 

controlled. The sensors will  be located on the antennas as an  enclosed package. 

3. 13 Workmanship. The angular encoding system shall be assembled in a 

thoroughly workmanlike manner in  accordance with JPL  Specification 200 16. 

4 .  QUALITY ASSURANCE PROVISIONS 

4.1 Contractor's inspection and test. The Contractor's factory inspection 
c 

shall include such visual, electrical and mechanical examination and testing uf 

materials, subassemblies, parts and accessories, including source items, during 

the process of manufacture a s  may be required to assure  that the complete equipment 

wi l l  meet all the requirements of this specification. 

4 . 2  Accuracy test. Each angular encoding system shall be tested for accuracy 

at  the Contractor's facility prior to on-site installation. The accuracy test shall be 
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conducted by the Contractor under JPL supervision, and shall include a thorough 

visual and mechanical examination as well  as the following accuracy test: 

(a) The input shaft of the multipoled synchro resolver shall be positioned 

(throughout 360 deg of rotation) to provide a minimum of 100 output counts 

(in equal increments) for each encoder disk assembly. 

(b) The difference between the angle represented by each count (at the 

transition from the next l o w e r  count to the count in question) and the, 

angular position of the input shaft shall be determined. 

( c )  Input shaft angles shall be measured with a device having an  absolute 

accuracy of two (2) sec of a rc  or  better. An indexing head calibrated with 

an auto-collimator o r  a T-3 theodolite may be used to meet this accuracy 

requirement. 

(d) These measurements shall be used to calculate the skmple mean and rms 

er ror6  as shown below: 

k= 1 

where 

X" = the sample mean er ror  

X = kth reading of angle represented by encoder output count 
k s  
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xk 

S' 

n 

= kth reading of the angular position of input shaft of multipoled synchro 

resolver 

= the rms er ror  about the sample mean error  

= 100 or greater . 

The above tests &ill be repeated for each disk assembly alone. 

The angular position of the input shaft of the encoder assembly shatl be 

measured in the same manner as prescribed for the multipoled eynchro 

resolver. This measurement shall be referenced to the antenna axis 

assuming ideal coupling and ideal gearing such that: 

Xk = Xke/90 for decimal encoding 

% = X /128 for binary encoding 
k e  

where 

= kth reading of the angular position of the input shaft of the encoder disk 
%e 

assembly . 

4 . 2 .  1 Acceptance test. Each angular encoding system will  be subjected to an 

operational check by JPL upon its arrival at  the site. The operational test wi l l  

constitute an  acceptance test, the purpose of which is to insure equipment is in  proper 

functional operating condition after shipment to the site, 

4. 4 Rejection and retest. Encoding systems or assemblies which have been 

rejected o r  returned may be reworked or have parts replaced to correct defects, and 

resubmitted for acceptance. Full particulars concerning the rejection and the action 

taken to correct the defects shall be furnished the JPL  cognizant engineer before 

resubmittal. 

123 



JPL Technical Memorandum No. 33-25 

. 
5. PREPARATION FOR DELIVERY 

5. 1 Preservation, packaging, and packing. Unless otherwise specified, the 

equipments shall be prepared for delivery in conformance with good commercial 

practices for domestic handling by truck transportation. 

6 .  NOTES 

6. 1 Intended use. The angular encoding system covered by this specification 

is intended for use at the JPL Goldstone Site, Camp Irwin, near Barstow, California. 

Four (4) complete angular encoding systems will be installed to provide digital 

representations of the angular position of each of two  axes of the Goldstone trans- 

mitting and receiving antennae. 
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APPENDIX C 

REFLECTED CODES 

The angular encoding disk shown in Fig. C-1 illustrates the commutator type 

utilizing photoengraved conducting and nonconducting segments to represent true 

binary numbers. 

nonconducting material. 

solid metallic disk. 

The dark a reas  represent conducting material and the light a reas  

The conducting segments a r e  actually raised portions of a 

The finished disk is pressed and polished to a smooth surface of 

conducting and nonconducting segments. 

r a t i o n .  

Is electrically common to al l  conducting segments. 

to a voltage source, brushes riding on conducting segments will be at that voltage 

while those on nonconducting segments are at zero potential. 

binary-digit representations a r e  realized. 

called zones. 

Segments in this zone determine the encoding disk resolution. 

a r e  sensing the binary equivalent of the decimal-digit. 

The brushes are stationary relative to disk 

The innermost circular track is a conductive r ing and i ts  associated brush 

By connecting the common brush 
r" 

Thus, the two level 

The four outermost tracks ride on tracks 

The least significant bit, 2O, is represented by the outermost zone. 

The brushes A, B, C, D 

Assume that the shaft is rotated counter clockwise. At the count transition, 

' 7  to 8, all four brushes are required to simultaneously sense a new voltage level 

representing a change i n  each hinary digit as shown. 

23 22 21 20 

Decimal count A B C D  

7 0 1 1 1  

8 1 0 0 0  
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'Since the brushes cannot be perfectly aligned, the disk cannot be mounted 

without some eccentricity, and the segments cannot be ruled perfectly, brushes A ,  B, 

C, D will not simultaneously sense a change in state. Brush A, for example, could 

conceivably sense a change before B, C, and D, which would result in a jump from . 

01 If. to 11 11 or 7 to 1 6  before the transition is completed. Because of the aforemen- 

tioned physical limitations, a class of variable-weight codes can be used to advantage. 

To reduce the ambiguity in the region of count transition to f 1 count,a 

reflected binary devised by F. Gray is employed. A reflected binary code has a unit 

distance property. Representations of adjacent numbers differ by only a 1- bit change 

in one and only one digit position. The \itle "reflected binary" is a result of a method 

of generating the code. Starting with a binary 0 followed bya binary 1 in a column, a 

mirrvr image, 1 and 0, is added to the column. To distinguish 0, 1 from i ts  image 

l,-O, zeros are placed before the former and ones before the latter. 

Decimal Reflected Binary 

0 0 0  

0 1  

1 1  

- 

1 0  

This results in reflected binary representations of 0, 1, 2, and 3. 

digits differ by only 1 bit. 

Note that adjacent 

By making another reflection (for both columns) and 
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properly placing zeros and ones in a new column, the reflected code is extended. Re- 

flected binary for 16 counts is shown as follows: 

Decimal 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Reflected Binary 
ABCD 

0 0 0 0  

0 0 0 1  .. 

0 0 1 1  
- 

0 0 1 0  

0 1 1 0  

0 1 1 1  

0 1 0 1  

0 1 0 0  

1 1 0 0  

1 1 0 1  

1 1 1 1  

1 1 1 0  

1 0 1 0  

1 0 1 1  

1 0 0 1  

1 0 0 0  

Codes exhibiting this unit-distance property at transition are also referred to a s  unit- 

distance, cyclic, monostrophic, or progressive codes. 

generated with the aid of a Karnaugh map (Ref. 23) a s  will be shown subsequently. 

Unit distance codes can be 
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The reflected binary is used, however, when a natural binary representation is , 
" 

desired. This is because of the simplicity of serial  conversion of reflected 

binary to binary. 

Note that the reflected binary is a variable-weight code. The weight of a digit 

cannot be determined by its position. Although it is possible mathematically to ex- 

press the decimal value in terms of the binary digits, it  is easier to convert the 

reflected binary to a natural binary and then to determine its value. 

When a reflected binary pattern is used on a n  encoding disk, the total count 

must be a power of 2 ;o have unit-distance closure between the highest count and the 

zero count. There is, for example, unit-distance closure for 16 counts a4). The 

decimal number 15 (the 16th or highest count) is 1000 and 0 is 0000, so that they 

differ in the A-bit only. A 16-count reflected binary pattern is shown in Fig. C-2. 

A reflected binary code is advantageous in that segment width representing 

the least-significant count m a y  be double the size of that associated with a binary 

code. The resolution of a reflected binary coded disk is twice that of a binary 

coded disk of identical size for a given minimum segment width (see Fig. C-1, C-2). 

Reflected Decimal 

Reflected codes can be formed i n  any base (Ref. 1, 22) by using the procedure 

in Part A. Portions of several decades of decimal numbers and their reflected 

decimal equivalents a r e  shown as follows: 

128 



JPL Technical Memorandum No. 33-25 

Decimal 

00 

01 

02 

.. 

. .  
09 

10 

1 1  

19 

20 

21 

L 

099 

100 

110 

Reflected 
Decimal 

00 

01 

02 

.. 

.. 
09 

19 

18 

10 

20 

21 

09 0 

190 

189 

1 129 

I 
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r 

0 -+ 1 -+ 2 
? 
I 
I 
I 
t 
I 

9 +-- 8 +- 7 
I 

Reflection is made after each decdde, and the least-significant digit is a mirror  image 

-+ 3 
I 
.) 
4 
I + 
5 

* 
f- 6 

of those in  the preceding decade with the next-higher-order digit differing by one 

(until decimal 100 is reached and reflection i n  two d i e t s  is started). 
e 

Note that in the 

decimal count transition from 09 (end of decade) to 10 involves chdnges in  both digit 

positions; the refleeted decimal equivalent 09 to 19 involves only one digit change. 

The reflected binary equivalents of decimal numbers a r e  not suitable for 

binary-coded decimal (reflected) representations since there is not a unit distance 

between 9 and 0 (1101 to 0000 has three bit changes). It is necessary to have unit- 

'distance closure between the highest count and zero count in one or  successive 

patterns on one disk. 

A Karnaugh map (Ref. 23) can be used to determine a unit-distance code 

suitable for decimal digit representation. 

code where all combinations (2  ) a r e  used, only 10 combinations a r e  used. 

former is known as acomplete unit-distance code and the latter an incomplete unit- 

dietaace code. 

Contrasted to the four-bit reflected binary 

4 The 

CD 00 

01 

1 1  

10 

AB 

00 01 11 10 

Karnaugh Map 
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Each square in the Karnaugh map is identified by one of the 16 combinations of 

binary digits the variables A, B, C, D represent. 

the combination 1000. 

The upper-righthand cell represents 

Horizontally adjacent cells, including cells at opposite ends of 

a row, differ in one bit only (A or B). Verfkally adjacent cells, including those at 

opposite ends of a column, differ in one bit only (C or D). 

By selecting ten cells to represent the decimal digits such that successive 

digits a r e  in adjacent cells, a unit-distance, binary-coded decimal system with decade 

closure results. The above example gives: 

Decimal 
Number 

0 

1 

2 

Unit-Distance Code 

A B C D  

0 0 0 0  

0 1 0 0  

1 1 0 0  

1 0 0 0  

1 0 0 1  

1 0 1 1  

1 0 1 0  

1 1  1 0 ;  

0 1 1 0  

0 0 1 0  

Conversion between Reflected and Positional Numbering Systems 

1. Reflected decimal and decimal. Note that in the tabulation of decimal and 

dorresponding reflected decimal numbers in  Section B, only those digits in the 
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decimal number where the next-higher-order digit is odd differ from the corre-  

sponding digits in the reflected decimal number. For example, 
1, 

Decimal 

09g 

l_OO 

Reflected 
Decimal 

199 

190 

189 110 - - 

Adding corresponding digits which differ gives a total of 9 .  

next-higher-order digit is even in the decimal number result in  an identical corre-  

sponding digit i n  the reflected decimal equivalent. 

Those cases  in  which the 

For example, 

132 



JPL Technical Memorandum No. 33-25 

Decimal 

01 

09 - 

20 

21 

- 

- 

100 - 

Reflected 
Decimal 

01 

09 - 

20 

2 1  

- 

- 

190 - 

Since all highest significant dig i ts  are preceded by a zero (even), they a re  the same 

in decimal and reflected decimal. 

Rules  for converting between decimal and reflected decimal a re  summarized 

as follows: 

1. 

2. 

3.  

The highest significant digit remains unchanged. 

Digits whose next-higher-order digit in the decimal number is even remain 

unchanged . 

Digits whose next-higher-order digit in the decimal number is  odd are  9's 

complemented to determine the corresponding digit. (The 9's complement 

of a digit is the difference between the digit and 9. ) 
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The conversion from a reflected decimal to a decimal number is as follows: 

1 7 6 5 2 0 (reflected) 

4 / /  
1 2 6 5 7 9 (decimal) 

The highest significant digit, 1, is unchanged. The digits 7, 2, and 0 a re  9- 

complemented since the next-higher-order corresponding digits in the decimal number 

a r e  odd. 

The conversion from a decimal to a reflected decimal number is shown as 

follows: 

2 7+1+4 3+6 (decimal) 

2 7 8 5 3 3 (reflected decimal) 

The highest significant digit, 2, is unchanged. The digits 1, 4, and 6 a r e  9- 

complemented, since the next-higher-order decimal digit is odd. 

The same procedure follows for any base. The highest digit in the base, /3-1, 

is the digit used in the complement rule. 

2.  Reflected binary and binarx. 

Here,  (binary) digits are 1 's  complemented when the next-higher-order digit 

in the binary number is odd o r  1. A 1 ' s  complement is simply an inversion. 

sion from reflected binary to binary and vice versa is demonstrated. 

Conter-  
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~~ 

1 1 0 1 1 0 1 1 (reflected binary) 

f i i  
1 0 0 1 0 0 1 0 (binary). 

I t 0  l + l + O  l + l + O  (binary) 

1 1 1 0 1 1 0 1 (reflected binary) 

Q 

4 
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Fig. C-1. Binary coded d i s k  

COMMON 

I . -.. -... 
. .---. 

./--- 

Fig. C-2 ,  
coded d i s k  

tt e fl ec t ed binary 

COMMON 
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